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ABSTRACT

Sub- and supercritical fluids remain an underexploited resource for materials
processing. Around its critical point a common compound such as water behaves like a
different substance exhibiting changes in its properties that modify its behavior as a solvent
and unlock reaction paths not viable in other conditions. In the subcritical region water’s
properties can be directed by controlling temperature and pressure.
Water and silicon are two of the most abundant, versatile, environmentally nonharmful, and simplest substances on Earth. They are among the most researched and bestknown substances. Both are ubiquitous and essential for present-day world. Silicon is
fundamental in semiconductor fabrication, microelectromechanical systems, and
photovoltaic cells. Wet etching of silicon is a fabrication strategy shared by these three
applications. Processing of silicon requires large amounts of water, often involving
dangerous and environmentally hazardous chemicals. Yet, minimal knowledge is available
on the ways high temperature water interacts with crystalline silicon.
The purpose of this project is to identify and implement a method for the
modification of monocrystalline silicon surfaces with three important characteristics: 1)
requires minimal amounts of added chemicals, 2) controllability of morphological features
formed, 3) reduced processing time. This will be accomplished by subjecting crystalline
silicon to diluted alkaline solutions working in the subcritical region of water. This
approach allows for variations on surface morphologies and etching rates by adapting the
reactions conditions, with focus on composition and temperature of the solutions used.
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The work reported discusses the techniques used for producing surfaces with a
variety of morphologies that ultimately allowed to create patterns and textures on silicon
wafers, using highly diluted alkaline solutions that can be used for photovoltaic
applications. These morphologies were created with a different set of reaction conditions
to demonstrate the capabilities of the process.
This research considers wet etching with etchant concentration orders of magnitude
lower than those normally employed in silicon processing. According to the results
obtained, the effect of temperature on the etch rates was observed to be remarkably strong.
Close to neutral pH solutions, that otherwise at atmospheric conditions lack of practical
interest because of their slow rate of dissolution of silicon, exhibited considerable etch rates
at temperatures equal or greater than 250 °C. Furthermore, typical morphologies reported
for etching at concentrations of etchant between 1 w% and 20 w% in atmospheric
conditions were also formed during our experiments, with extensive coverage of the
surfaces exposed to the etchant. Moreover, noticeable texturing was attained with KOH
solutions at pH 7.5 and 8.5 in short reaction times working at 250 °C and 300°C,
demonstrating the capability of modifying silicon surfaces with solutions that could be
safely drunk by humans. Similar conditions were employed to successfully create three
dimensional features in the silicon from two dimensional masks.
This research considers wet etching with etchant concentration orders of magnitude
lower than those normally employed in silicon processing. According to the results
obtained, the effect of temperature on the etch rates was observed to be remarkably strong.
Close to neutral pH solutions, that otherwise at atmospheric conditions lack of practical
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interest because of their slow rate of dissolution of silicon, exhibited considerable etch rates
at temperatures equal or greater than 250 °C. Furthermore, typical morphologies reported
for etching at concentrations of etchant between 1 w% and 20 w% in atmospheric
conditions were also formed during our experiments, with extensive coverage of the
surfaces exposed to the etchant. Moreover, noticeable texturing was attained with
potassium hydroxide solutions at pH 7.5 and 8.5 in short reaction times working at 250 °C
and 300°C, demonstrating the capability of modifying silicon surfaces for photovoltaics
with solutions that could be safely drunk by humans. Similar conditions were employed to
successfully create three dimensional features in the silicon from two dimensional masks,
suggesting the potential of this technology as a more benign alternative to traditional
lithographic etching techniques.
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CHAPTER 1.

INTRODUCTION TO ANISOTROPIC WET ETCHING
1.1

ABSTRACT

Sub- and supercritical fluids have transformed the role of well-known substances
in chemical and materials processing applications. The unique properties of water and
carbon dioxide, for example, close to their critical point radically change their behaviors
as solvents and unlock reaction paths not viable in other conditions. Water is abundant and
an environmentally non-harmful substance, and so is silicon (Si). Silicon have been
involved in most technological achievements in the past one hundred years. Silicon is
fundamental in semiconductor fabrication, microelectromechanical systems, and photo
voltaic cells. Processing of silicon often involves dangerous and environmentally
hazardous chemicals. This chapter will provide background information about silicon
properties and processing techniques, the variables that affect them, water properties in the
sub- and supercritical regions, and properties of etching reactives and products at high
temperature.
1.2

SILICON

Silicon is the second most abundant element on Earth’s crust. It is cheap and easy
to obtain. Silicates (silicon combined with oxygen and other metals), the usual way to find
silicon, represent more than 28% in weight of the Earth’s crust.1-2 Stock silicon, extracted
from quartzite and quartz by thermal removal of oxygen, is mainly intended for the
production of silicon metal for the chemical and aluminum industries, and silicon
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ferroalloys for the steel industry. In 2012, USA reported the production of 383,000 metric
tons of silicon metal and silicon ferroalloys. Silicon metal is mainly destined to the
aluminum and chemical industries (such as production of silanes and silicones), and to the
semiconductor and solar industries after additional processing into ultra-high-purity (>=
99.9% silicon).2
Purity requirements are particularly stringent for the photovoltaic industry and
microelectricomechanical systems (MEMS) manufacturing. Semiconductor grade silicon
requires high purity and therefore must undergo further refining. Monocrystalline silicon
is commonly produced in rods of up to 2m in length using two growth techniques,
Czochralski (CZ) and Float Zone (FZ).1
The CZ produces large, single crystal, cylindrical ingots. It starts by dipping a seed
crystal in molten high purity silicon in a crucible, inside a furnace with strict temperature
control. The seed crystal is rotated and pull upwards from the melt. Pulling and rotation
rates, along with temperature, are parameters responsible for the quality (concentration of
impurities and dislocations) and dimensions (radius and length) of the crystal.3 Although
CZ-grown wafers are common silicon substrates, their performance in solar cells is
hindered by the concentration of oxygen and carbon, this laster originated from the crucible
where the melting takes place. These contaminants are thought to reduce the minority
charge-carrier lifetime or photovoltaic (PV) conversion efficiency, resulting in a decrease
in the voltage, current and efficiency of the solar cell. Nonetheless, CZ-grown wafers
represent the vast majority of wafers produced worldwide.4
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Higher purity crystals can be grown with the Float Zone method.5 It consists of a
high purity rod of polycrystalline silicon passing through a radiofrequency (RF) coil that
locally melts the rod under vacuum or inert gas. As the molten region slowly travels along
the ingot the impurities tend to remain moving away from the solidified region. The solid
obtained after the pass of the RF coil constitutes a highly purified monocrystalline silicon
ingot. This method presents limitations on the diameters of the rods produced due to surface
tension constrains during growth. Low concentration of defects and impurities are mainly
due to the absence of crucible or heated components. This technique also allows for the
planned introduction of specific impurities (H, N, Fe, C, O) or defects (fast-cooling defects,
grain size and dislocations, self-interstitial defects) desired for some applications.6
In industrial manufacturing setups, depending on the final thickness of the wafers
about 2000 wafers can be obtained from a single crystal ingot. Wafer preparation starts by
cropping the tail and head parts of the ingot, followed by further cutting into 500mm
sections. Exact orientation is measured and marked. Wafers are sliced from the ingot
commonly using wire-cutting systems (higher productivity) or thin tensioned rotatory
diamond blades (small batch production). Edges are shaped giving them rounded profiles,
and to make perfectly round wafers (single crystal ingots are not flawlessly round).
Identification flats and notches are added to indicate crystallographic orientation.7
Wafers specifications and standards for different applications are regulated by
Semiconductor Equipment and Materials Industry International (SEMI International).8
Commonly, wafers manufacturers use a SEMI classification to indicate the silicon wafer
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grade based on bulk, surface and physical properties; with the main categories being prime
grade (the highest grade), test grade (lower quality than prime with one or more noncompliant specifications; used mainly for testing processes), reclaimed grade (lower
quality wafer produced from a prime or test wafer that has been used in manufacturing and
reclaimed, etched and polished, and with a final level of standards of a test wafer). Other
types are lithography grade, low resistivity grade, and epitaxial grade. 8
1.2.1 Crystal structure
Silicon is a semiconductor. In its atom 14 electrons occupy the first 3 energy levels.
Orbitals 1s, 2s, and 2p are full while the 3s and 3p only have 4 electrons so they hybridize
to form 4 tetrahedral 3sp orbitals each one with an electron capable of forming a bond with
a neighboring atom.
Pure silicon has a melting point of 1415°C. At ambient conditions, silicon’s density
is 2.328 g/cm3, atomic weight 28.0855 g/mole, thermal conductivity 1.5 W/cmK, and its
bulk modulus of elasticity is 9.8x1011 dyn/cm2; its Young’s modulus is 129.5 dyn/cm2,
168.0 dyn/cm2, and 186.5 dyn/cm2 for directions [100], [110], and [111] respectively.1
Silicon atoms form covalent bonds with four adjacent atoms. Its crystal has a
diamond cubic crystal structure that has been described by Ashcroft and Mermin (1976) as
a “two interpenetrating face-centered cubic primitive lattices”. 9
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Figure 1.1: Unit cell of Si. In this representation of the diamond-cubic crystal of silicon corner
atoms are red, face atoms purple, those inside the body in are blue; yellow lines represent
the nearest-neighbor bonds. Each blue atom has four neighbors, and each lies in six-fold
rings. (Bonds outside of cubic lattice are not shown)

The unit cell (Figure 1.1) contains 8 atoms arranged in a face centered cubic (fcc)
Bravais lattice; counted as 4 atoms completely inside the cell, each of the 8 atoms on
corners are shared with other cells resulting in 1 atom inside the cell, each of the 6 atoms
on the faces are shared with another cell ensuing on 3 atoms in the cell. For each fcc lattice
point there is one atom in the lattice point itself and, the second atom is displaced by ¼ of
the unit cell length towards the [111] direction. The nearest neighbor distance at 300 K is
0.235 nm.1
The lattice parameter (a) at room temperature is 0.5431nm, resulting in a cell
volume of 1.6x10-22 cm3; with a density of silicon atoms in the unit cell of 5x1022
atoms/cm3. Packing density of silicon in its lattice is about 34%. Silicon crystal lattice
possesses high perfection which has permitted precise determination of this value; to the
point that it has been used to refine the value of the Avogadro constant by measuring the
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number of atoms considering the macroscopic molar volume and the microscopic atomic
volume.10
1.2.2 Crystal planes in silicon wafers
The symmetry of the silicon cubic lattice simplifies the visualization of the Miller
notation used to designate planes and directions within the crystalline lattice. The indexes
(hkl) are integers that denote a plane orthogonal to a direction in the basis of the reciprocal
lattice vectors. In this system the notation (hkl) represents a crystal plane, {hkl} equivalent
planes, [hkl] a crystal direction which is perpendicular to the plane, and <hkl> equivalent
directions.
Silicon exhibits different properties along different crystal planes such as young’s
modulus, electron mobility, piezoresistivity, and chemical etch rates. Ion implantation
depth is also a function of the orientation as different directions provide distinct paths for
transport. Therefore, for designing and fabrication purposes it is imperative to exactly
know the wafer’s orientation. Additionally, due to the symmetry of the atoms, equivalent
families of planes have identical material properties.
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Figure 1.2: Crystal plane (100), (110), and (111) in green. These three orientations are the most
commonly industrially produced, particularly <100> and <111>. (Bonds outside of cubic
lattice are not shown)

In the case of family of planes {100} planes (100), (010), and (001) are equivalent.
Thus equivalent directions <100> include [100], [010], and [001]. Equivalent directions
for <110> are: [110], [011], [101], [-1-10], [0-1-1], [-10-1], [-110], [0-11], [-101], [1-10],
[01-1], [10-1]. And for <111>: [111], [-111], [1-11], [11-1]. See Figure 1.2.
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65.9

30

(311)

25.2

31.4

72.4

72.4

31.4

(511)

15.8

35.2

78.9
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81.9

81.9
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Table 1-1: Angles between different crystal planes (in degrees).11

Crystal planes are also responsible for creating very well defined cleaving
directions. The main cleaving planes are the {111} and {110} planes, for both the favored
crack propagation direction is the <110> for both families of planes.12-14 Wafers with
orientation <100> cleave producing pieces forming 90 degrees angle (Figure 1.3). In the
case of crystal orientation <111> the angle is 60 degrees. For <100> cleaving starts with
pressing the diamond tip at a vertex of the triangle, while sectioning <111> requires
scribing up through the base of the triangle (usually this delineated by a flat along the 110
plane).
(100)

(111)

90°

(110)

60°
70.53°

Figure 1.3: Cleaving of wafers with orientation <100> and <111>. Clean sectioning can be achieved
by scoring the wafer along cleavage planes.

In commercial wafers crystallographic planes of the wafer are indicated through
markings such as flats for wafers under 200 mm cut into one or more sides or a single notch
for diameters equal of larger than 200 mm. The marking usually points out a {100} face.
Additionally, the number, angle, and relative position of the markings provide information
on the type (n, p) and orientation of the crystal (the most common are (100) and (111)
followed by (110)). This is important specially for automatic processing.
Dopants are often added to the silicon crystal replacing silicon atoms in the lattice.
They are meant to donate an electron to the conduction band (n-type) or a hole (p-type) to
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the valence of silicon in a rate of one per atom. Resistivity of the crystal can be controlled
through the concentration of charge carriers by varying the amount of donors and
acceptors; they also control the charge carriers.11
For n-type of crystals donors, phosphorus, arsenic and antimony are the dopants
added to the silicon lattice; and for p-type crystalss boron is the only acceptor used. The
bulk dopant concentrations usually range from 1013 to 1020 cm–3, which correspond to
specific resistivities between 1000 and 0.001 Ω cm.11
1.3

MEMS AND PVs

Anisotropy in the silicon crystal is extensively exploited in two major technological
applications being, microelectromechanical systems (MEMS) and photovoltaic cells
(PV).15
MEMS are micro scale (20μm to 1 mm) structures that can be transducers, sensors,
actuators, and microelectronics. MEMS have elements with mechanical functionality with
or without movement. Examples of these mechanical microcomponents are sensors for
pressure, force, acceleration, flow, temperature and concentration of chemicals; actuators
like micropumps, valves, switches; and microstructures such as microsieves, and canals.
Monocrystalline silicon is the most widely used substrate material for MEMS.
Knowledge and mass processing techniques from the integrated circuits industry is readily
available to be transferred to the fabrication of MEMS. Silicon’s availability, low cost, and
purity level to which it can be processed are also contributing factors to its popularity.15
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An additional contributor is its mechanical stability. At room temperature, single
crystal silicon mainly deforms elastically, offering low mechanical hysteresis when flexed
and consequently very low energy dissipation. Although some researchers have studied the
failure modes for single crystal silicon components of MEMS and demonstrated the
possibility of slow crack growth.16 Fatigue of silicon has not been observed, making it
suitable for applications with highly repeatable motion.17
Further reasons for its popularity are material properties such as small thermal
expansion, high melting point (1415°C), and the possibility of well controlled anisotropic
etching enabling the fabrication of structures and devices.
In the recent years, the search for alternative renewable clean energy sources has
become increasingly pressing due to the rising costs and shrinking availability of fossil
fuels. Additionally, it has been estimated that the solar energy that reaches the Earth in one
hour could meet the planet’s annual global energy consumption.18 Consequently, this has
promoted the interest in solar energy and in photovoltaics research. PV commercial success
has been driven by falling manufacturing costs.19
PVs operation is based on the photoelectric effect. Silicon’s band-gap at room
temperature is 1.12eV representing a good match to the solar spectrum. Absorbed photons
from the sunlight have enough energy to produce an electron-hole pair in the silicon panel
triggering a flow of electrons and therefore electric current.
Some of the reasons that explain the expansion of silicon use in PV are its
abundance, ease of production, its stability and non-toxicity, with an added commercial
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interest that has been stimulated by the availability of technological transfer from the
silicon-based microelectronics industry to the PV industry.
Efficiency of a photovoltaic is the ratio of the electrical output from the solar cell
to the incident energy in the form of sunlight. It also depends on the spectrum and intensity
of the incident sunlight and temperature of the solar cell. Terrestrial solar cells are
measured at 25°C under an irradiance of 1000 W/m2 with an air mass (AM) of 1.5
spectrum, determined as follows:
𝜂𝜂 =

Equation 1

𝑃𝑃𝑚𝑚
𝐸𝐸 × 𝐴𝐴𝑐𝑐

where Pm is the cell’s power output (in watts) at its maximum power point, E is the
input light (in W/m2), η is the efficiency of a photovoltaic, and Ac is the surface area of
the solar cell (in m2).

PV Efficiency (2014)
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Figure 1.4: Report conﬁrmed terrestrial cell and submodule efﬁciencies for the second half of 2014,
measured under the global AM1.5 spectrum (1000 W/m2) at 25 °C (IEC 60904-3: 2008,
ASTM G-173-03 global). Arrows indicate the three highest efficiency levels reported. 20

Highest confirmed efficiencies of photovoltaic cells and modules are published biannually in Progress in Photovoltaics (Figure 1.4). This catalogue of devices is generated
based on clear guidelines and standards for measurement conditions and only includes data
validated by third parties. In the first report on PV efficiencies, released in 2015, accounting
for the second half of 2014, the highest corresponded to 37.9±1.2% for a
InGaP/GaAs/InGaAs multijunction device followed by a thin film GaAs III-V cell at
28.8±0.9% and then crystalline silicon with a value of 25.6±0.5%. 20
Multijunction cells high efficiency has the drawback of increased complexity and
producing costs, factors that have hindered market growth. Furthermore, the US need to
import most of the gallium destined to electronic components, with about 99% of which
used as gallium arsenide (GaAs) and gallium nitride (GaN). Its natural occurrence is in
small concentrations in ores of other metals. The political-economic stability of some of
the countries chief producers of primary gallium could pose a potential supply risk.21
Contrariwise, silicon is readily available, fabrication of silicon based PV devices is
comparatively simpler at a lower cost. A 2011 report from the NREL indicated that almost
90% of the sales of photovoltaic devices were silicon based.22
The U.S. Department of Energy (DOE) launched in February 2011 the SunShot
Initiative, seeking to make solar energy cost-competitive with other forms of electricity by
the end of the decade. Through the SunShot initiative, the DOE is focused on reducing the
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total installed cost of solar energy systems to $0.06 per kilowatt-hour (kWh) by 2020.
Today, the program is 60% of its way towards achieving the $0.06 /kWh goal.19 SunShot’s
strategy to reach its target concentrates on reducing solar technology costs, reducing grid
integration costs, and accelerating solar deployment nationwide. The programs supports
innovative efforts by private companies, universities, and national laboratories to drive
down the cost of solar electricity. Through competitive solicitations the program funds
selective research projects aimed at transforming the ways the United States generates,
stores, and utilizes solar energy. Key activities supported by the SunShot Initiative are
shortening the amount of time needed to move promising new solar photovoltaic and
concentrating solar power technologies from development to commercialization,
increasing efficiency, reduce production costs, and open new markets for solar energy,
fostering collaboration for utility-scale solutions and clear the way for high-penetration
solar, strengthening the U.S. supply chain for solar manufacturing and commercialization
of cutting-edge solar technologies, investing in education, policy analysis, and technical
assistance to remove critical barriers, and developing a well-trained workforce to foster
U.S. job creation in the solar industry.19
During the production of silicon PV from monocrystalline silicon, reducing
reflectance of the wafer is an intermediate stage aimed to increase the efficiency of the
cells. Light bounces from the wafers’ smooth and highly reflective surface which equates
to wasted photons. These photons with the right energy level that will not be used to cause
electron movement within the crystal, meaning less energy conversion into electricity.23
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Optical performance can be increased with antireflection coatings that rise costs
and exhibit dissimilar performance over the full solar spectrum, and by texturizing the
surface causing successive reflections of the incident light towards the silicon surface. This
second option can be implemented by chemically etching the wafer using an anisotropic
etchant.
1.4

ANISOTROPIC ETCHING

Either for texturing or bulk micro-machining silicon, the removal of bulk silicon
can be accomplished through two main processes, wet etching and dry etching.24
Dry etching methods are based on the use of reactive gases or vapors. The most
common are Reactive Ion Etching (RIE) and Deep Reactive Ion Etching (DRIE), both rely
on physical (momentum transfer from the etching species) and chemical effects (chemical
reaction) onto etch silicon surfaces. It starts with a radio frequency generating reactive
plasma that produces energetic ions accelerated to bombard the atoms on the surface with
which atoms it chemically reacts. The transfer of kinetic energy from the ions can also
cause sputtering of the surface’s material. Fluorine (F2) gas plasmas are typically used
whereas chlorine (Cl2) and bromide (Br2) are not as commonly used due to safety concerns
and lower etch rates. Dry etching highly depends on the volatility of the etch products; for
F2 and Cl2 these volatile products are SiF4 and SiCl4 respectively.24
Both RIE and DRIE present the advantage of being capable of directional etching,
independently of the crystal planes of the material. Vertical delivery of reactive ions allows
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the generation of deep trenches or arbitrary vertical shapes following the mask design
without the limitation of the crystallographic positioning between the wafer and the mask.24
Although less popular, dry etching can also be performed using Ion Beam Etching
(IBE) in which the main etching mechanism is physical bombardment of the silicon
surface. Focused Ion Beam (FIB) etching is a type of IBE used to mill features on surfaces
(Figure 1.5), especially in the nanoscale, without the need of masks. As in the case of RIE,
it is not limited by the crystal planes of the material. However, it has the drawback of very
low etch rates and redeposition of the sputtered material.24

Figure 1.5: Si(111) (a) and Si(100) (c) wafers etched with KOH 0.03w% for 40 minutes at 230°C
and 180°C, respectively. Trenches milled (b and d) using a HITACHI NB5000 FIB-SEM
with Ga ion beam located at Clemson University Electron Microscopy Laboratory.25

When compared with wet etching for the production of three dimensional
structures, dry etching methods come out as more expensive, more difficult to use, and
with limited capability of being implemented for batch processing.26
Wet etching (etching in liquid phase) occurs when silicon is immersed into a
chemical bath that dissolves exposed surfaces, it can be isotropic or anisotropic.
Monocrystalline silicon can exhibit different etch rates as a function of the crystallographic
orientation of the surface undergoing the wet etching. Anisotropic etching occurs when
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the removal of atoms from the crystal is significantly slower along certain lattice
orientations than along others, while isotropic etching is observed when etching rates are
nearly the same for all crystallographic orientations (Figure 1.6). Difference in etch rates
can be explained by considering that atoms in some planes have stronger bonds and/or
more of them than in others. It is possible to have one type of etching or the other depending
on the etching conditions, which provides a tool of extreme importance to tune the
morphology of the etched surfaces. 26

Figure 1.6: Drawing of the advance of etching on a silicon surface during isotropic and anisotropic
wet etching: a) on a masked wafer, b) on a sphere.27-28

Wet etching is of significance as an alternative to the planar microfabrication
techniques used in the production of MEMS, mainly because it allows fast, precise and
reproducible, shaping of silicon substrates. For example, the production of suspended
structures (e.g. resonators) cannot be easily achieved using planar techniques requiring the
use of anisotropic etchants capable of attacking specific lateral planes. In the case of PVs,
it is used to texturize silicon surfaces at low cost and in a short time. 27-28
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Selectivity is one of the benefits of wet etching as etching rates are substrate and
conditions specific. This allows the use of etching masks to perform selective removal of
substrate portions or to stop the etching in a given area. Silicon dioxide (SiO2) is a common
masking material that can be grown, for example, in a thin layer through electrochemical
passivation of the silicon surface. It possesses a reported etch rate 100 times slower than
silicon

in

potassium

hydroxide

(KOH)

and

higher

selectivity

than

when

tetramethylammonium hydroxide (TMAH) is the etching agent.26
Kinetics of the chemical reactions occurring at the silicon surface during etching
and transport phenomena affecting reactants and/or products determine whether the etching
will be iso- or anisotropic. When all the reaction rates are high, the removal of atoms is
controlled by the availability of reactants and the depletion of products; this diffusion
controlled process is not lattice orientations selective, resulting in an isotropic etching.
Conversely, in the case of surface reactions with disparate etch rates, the reaction kinetics
determine the etch rates. In this case, the rates will be site dependent and directly affected
by the surface orientations as some planes will have different number of sites producing
anisotropic etching.25
The nature of both types of etching will lead to the formation of particular
geometries, formation of characteristic round etch profiles for isotropic etching and
faceting in the case of anisotropic.25
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Examples of isotropic etchants for silicon are ammonium fluoride (NH4F) and
hydrofluoric acid (HF) often used in combination with acids such as nitric acid (HNO3) or
acetic acid at various ratios.29
A large list of anisotropic etchants has been the object of research and publications
by several research groups. Hydroxides of all the alkali metals, from lithium hydroxide
(LiOH) to rubidium hydroxide (RbOH), have been reportedly tested.30-31 Mono and
quaternary ammonium hydroxides, mixtures of hydrazine (N2H4) and pyrocatechol
(C6H4(OH)2), and ethylene diamine (EDP)(NH2(CH2)2NH2) at various concentrations and
proportions have also been researched as anisotropic etchants.28, 32-35 Performance, cost,
and toxicity have been contributing factors in narrowing this list. For example,
pyrocatechol was ruled out as a contributor to the etching, hydrazine was replaced by EDP
due to its toxicity which usage has been also jilted in the past years for the same reason in
addition to issues related to its fast ageing. Sodium hydroxide (NaOH) has very similar
benefits to potassium hydroxide’s (KOH), yet the small size of the sodium cation (Na+) has
been reported to have the undesired ability to poison electronic devices, problem that
consequently has also causes the elimination of LiOH.36
Among the ammonium based compounds, TMAH mainly and ammonium
hydroxide to a certain extent have remained in the list of moderns etchants.36 They combine
desired attributes sought by the industry such as high anisotropy, good etch rate, ease of
handling, possible etching stops and selectivity for different materials, compatibility with
applications in integrated circuits processing, and relative low toxicity. Nonetheless
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TMAH has long been known to be very toxic if ingested, recent industrial experience
indicates that skin exposure may result in serious injury/illness or even death.
In summary, the two most widely used compounds used to anisotropically etch
crystalline silicon for MEMS and PVs applications are KOH and TMAH in water solutions
prepared at various concentrations.26
KOH produces excellent etching profiles, it has an optimal etch rate anisotropy
ratio of about 160:80:1 for {110}:{100}:{111} at 35 w% and 70 °C that can drastically
change with different conditions. Concentrations of alkali higher than 20 w% and
temperatures above 80°C result in flatter surfaces. Typical concentrations for MEMS are
30-50 w% at 60-90°C, and 1-5w % at 70-80 °C for PVs.37 Potassium atom has been an
undesirable contaminant of silicon causing incompatibility with metal-oxidesemiconductor (MOS) and complementary metal-oxide-semiconductor (CMOS). KOH
allows the use of Si3N4, SiO2, Cr, and Au as masks.26
TMAH achieves lower etch rates than KOH. On the other hand, it does not present
the problem of contamination for electronic devices and has high specificity during the
dissolution of Si/SiO2. It presents an optimal etch rate anisotropy ratio of about 70:35:1 for
{110}:{100}:{111} at 20w% and 80°C changing significantly for other conditions. Typical
concentrations for MEMS are 10-25w% at 60-80°C, and 5-10w% at 70-80°C for PVs.26, 38
Additives such as alcohols and surfactants can be combined with KOH and TMAH
to increase the smoothness of the etched surfaces in a particular orientation, which is
particularly relevant for MEMS as geometrical precision is required for the features carved
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out of the silicon crystal. Their affinity for OH-terminated sites leads them to adsorb on
these locations, blocking them temporally, and preventing interaction with the etching
agents. Often this leads to a reduction of the overall etching rates. Longer molecules slow
down the etching more than shorter ones. Furthermore, they act as tensioactives (see Table
1-2) that modify the wetting properties of the etchant causing a reduction in the time the
H2 bubbles remain attached to the surface undergoing dissolution.
2-propanol (IPA) is a common additive for KOH that alters its anisotropy by
accelerating the etching rates of the {111} planes with negligible effects on the rates of the
{100}. Additionally, it reduces the micromasking effect of the H2 bubbles on the {100}
surfaces by reducing their stability impeding the formation of pyramidal hillocks, resulting
in smoother surfaces.26
Surface Tension of 2-Propanol in Water, mN/m
mass of
IPA, w%
0
5
10
15
20
25
30
40
50
60
70
80
90
100

20
72.75
50.32
41.21
35.27
31.16
28.88
27.38
25.81
24.78
24.05
23.17
22.62
22.21
21.74

25
72.01
49.58
40.42
34.63
30.57
28.28
26.82
25.27
24.26
23.51
22.68
22.14
21.69
21.22

Temperature, °C
30
35
71.21
70.42
48.88
48.16
39.73
39.06
34.01
33.38
29.98
29.37
27.71
27.14
26.26
25.73
24.74
24.23
23.76
23.27
22.97
22.54
22.18
21.71
21.66
21.18
21.18
20.66
20.72
20.23

40
69.52
47.37
38.43
32.76
28.79
26.58
25.18
23.72
22.78
22.03
21.22
20.71
20.16
19.71

45
68.84
46.66
37.78
32.13
28.18
26.04
24.66
23.21
22.29
21.52
20.76
20.23
19.74
19.21

50
67.92
45.82
37.04
31.51
27.59
25.47
24.11
22.69
21.81
21.01
20.28
19.78
19.23
18.69

mole
fraction
0.000
0.016
0.032
0.050
0.070
0.091
0.114
0.167
0.231
0.310
0.412
0.545
0.730
1.000

Table 1-2: Surface tension of IPA and water solutions at various concentrations for the temperature
interval 20-50°C. 39
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1.4.1 Etching mechanisms
There are only four valence electrons in a silicon atom (electron configuration [Ne]
3s2 3p2), for which it needs to form four bonds to satisfy the valence shell. Within the
crystal the four bonds are established with other silicon atoms. Atoms at the surface must
combine with other atoms to gain enough electrons to fill their valence shells. Hydrogen
binds with silicon dangling bonds reducing the reactivity of the silicon surface. The Si-H
bonds are weakly polarized, and due to random thermal dissociation can generate dangling
electrons. The number of dangling bonds will depend on the lattice orientation of the
surface, and will affect the rate of removal of surface atoms. It is one bond for the Si(111)
surfaces and two bonds for the Si(100) and Si(110).26
Silicon atoms on {111} surfaces have only one free bond (Figure 1.7) resulting in
low surface energy. The atoms of an {111} surface have three bonds to back neighbors
resulting in a high activation energy for the separation of atoms. So, at first the whole
atomic layer will be removed before the atom separation atom from a back layer resulting
in an atomic flat surface structure.40
a

(001)

b

(100)

c

(110)

d

(111)

[001]

[010]
[100]

(111)
(110)
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Figure 1.7: a) Silicon lattice depicting number of bonds per silicon atoms (in yellow) located in the
(001), (110), and (111) planes.40 After Frühauf.. Dangling bonds are shown within the
red dotted lines for b) Si(100), c) Si(110), and d) Si(111).

In the case of {100} surfaces the removal of atoms requires the cutting of two bonds
per atom resulting in a lower activation energy. Surface atoms on {100} do not have bonds
to other atoms in this surface plane (their removal does not require the separation from a
neighboring atom). Atoms within the lower atomic layer which lost their neighbors at the
surface can be separated as easily as the surface atoms resulting in an atomic rough surface
structure with lots of kinks.40
Finally, the removal of an atom from a {110} surface initially involves cutting three
bonds but thereafter its neighbor only has one back bond resulting in the cleavage of two
bonds per atom. This results in atomic stepped surfaces.40
Wet etching is a three phase process that involves a solid (the silicon crystal), a
liquid (the etchant solution) and a gas (H2 formed as reaction product). It has been modeled
using two possible alternative reaction paths, the chemical (no free carrier involved) and
the electrochemical (free carrier involved). Both start with an oxidation step followed by
the etching reactions.41-42
Oxidation of the hydrogen-terminated silicon atoms is the rate determining step for
both routes. This account is supported by the prevalence of H-terminated sites on the
surface in the solution, as otherwise a gradual increase in the density of OH-terminated
sites would be observed.26
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Figure 1.8: Graphical representation of oxidation mechanism of H-terminated silicon surfaces
through the chemical (a) and electrochemical (b) pathways. Adapted from Gosálvez
(2010). 26

In the chemical route, the dissolution reaction is catalyzed by hydroxide ions and
is thermally activated, with water molecules being the reactive species as shown in Figure
1.8. Although higher, the electronegativity of hydrogen (2.2, dimensionless) is similar to
silicon’s (1.9, dimensionless) causing Si-H bonds to be weakly polarized making them
susceptible to strong nucleophiles attack resulting in hydrolysis. In the case of silicon
dihydrides in the {100} surfaces repulsive forces of neighboring Si-H bonds facilitates
further the –H/-OH substitution. In this process the OH- is only the reaction catalyst, while
water, a polar molecule, is the active species. Hydrogen gas is a product of this step.
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In the electrochemical dissolution pathway (Figure 1.8b), the water reacts with the
silicon injecting electrons into its conduction band by reacting with a dangling electron
produced during random dissociation of the pair Si-H, causing dissociation of the Si-H
followed by the H2O attack. In this route the water molecule is the oxidizing agent.41-42
For purposes of the research presented in this dissertation, the role of water raises
the question of the ability of near neutral pH etching solutions to etch silicon at high
temperature.43-44 Early reports have mentioned the possibility of water being able to etch
silicon at 100 °C or even room temperature in oxygen-free conditions.41, 44
The electrochemical route is relatively isotropic due to its low site dependence. The
first dissociative step of the Si-H opens up physical space for more water molecules to react
with the silicon. It may occur on (111) planes, with pitting being associated with this route.
41

The chemical path is for steric reasons highly anisotropic; it occurs mainly at steps.
The oxidation reaction requires the water and hydroxyl molecules to be able to approach
the hydrogen that will be replaced, thus the ease of access to (i.e. room to physically reach
it) and the quantity of hydrogen are controlling factors in the surface reactivity. Sites with
more Si-H terminations and less hindrance around them will be the most reactive. As the
oxidation step is the slowest in the global etching reaction, the site dependence have been
used to explain the anisotropy of the process.26
Once the substitution of –H by –OH occurred the following reactions are fast. The
difference in electronegativity between the Si and O polarizes and weakens the backbones
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facilitating the attack of the water; resulting in the rupture of Si-Si back bond and the
removal of a silicon atom from the surface in the form of HSi(OH)3 as shown in Figure
1.9. The silicon atoms newly exposed (new surface) will be H-terminated. Depending on
the conditions, the substitution of the second H in the dihydride may also occur forming
Si(OH)4.32

Bulk Silicon

Etching Solution

H

O

H
+ H2O + 2 OH-

Si
H
H

HH
Si

H

H
Si

Si
Si

O

O

Si(OH)62- + H2

Si

SiO2(OH)22- + 2 H2O

h1

h0

Figure 1.9: Removal of the OH terminated Si during the etching step, the HSi(OH)3 formed
decomposes to form a silicate and two H+ that rapidly combine with the OH- in the bulk
solution to form water. 40

After the HSi(OH)3 reaches the bulk of the alkaline solution it undergoes a
complexation reaction with Si(OH)62- and H2 as products. The complex Si(OH)62- further
decomposes into SiO2(OH)22- (a silicate) and 2H+ which immediately reacts with the OHin the bulk solution forming H2O.40
In the case of Si(111) surfaces there is a strong correlation between the nature of
the dissolution reaction (pathway) and the resulting surface structure. Flattening is obtained
when the chemical path dominates, as is the case at elevated pH. The total etch rate also
increases with pH because the Si-H bond becomes less and less stable.
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No substantial differences have been reported in the etching behavior of LiOH,
NaOH, KOH, and TMAH suggesting independence of the reaction mechanism proposed
ut supra from the source of hydroxide ions.26, 32, 42
Summarizing, the whole reaction can be written as:

Equation 2

𝑆𝑆𝑆𝑆 + 2 𝑂𝑂𝐻𝐻 − + 2 𝐻𝐻2 𝑂𝑂

→

𝑆𝑆𝑆𝑆𝑂𝑂2 (𝑂𝑂𝑂𝑂)2−
+ 2 𝐻𝐻2
2

For each silicon atom two hydrogen molecules are generated and a HSi(OH)3 is
formed as the main product which subsequently transforms into soluble silicates
SiO2(OH)22-. Equivalent reactions can be described for monohydride (three backbonds)
and trihydride (one backbond) terminated silicon atoms. In the case of the monohydrides,
Si(OH)4 will be formed instead of HSi(OH)3. Regardless of the intermediary species, the
silicate SiO2(OH)22- is always the final product of the silicon dissolution process.
The type of etchant such as KOH, TMAH, NH4OH, and its concentration,
temperature, time of etching, crystal orientation of the silicon wafer and its free-carrier type
(n- and p-Si) as well as density, presence of additives, turbulence of the system (stirring),
and preparation of the surface before etching are all variables of the etching processes that
will have their contribution to the final characteristics of the surface of an etched wafer.45
The roughness of the etched silicon is connected to process and material-related
masking such as defects in the silicon crystal, topography of the native oxide, residues
present on the surface, diffusion of dissolution reactants (H2O and OH-) to the surface or
products (silicates) from it, and hydrogen bubbles forming on the surface. 45
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SUBCRITICAL CONDITIONS

1.5

Moving along the vapor pressure curve of water as temperature increases, water in
the liquid phase expands and the vapor phase becomes more compressed. Vapor pressure
rises with temperature, and continues increasing until the properties of the liquid and the
vapor become indistinguishable. The end of the vapor-pressure curve is the critical point
(Figure 1.10). For pure water it occurs at T=647.096 K (373.946 °C) and P=22.064 MPa
(220.64 bar) with the density reaching 322 kg/m3. Temperature and density have a strong
effect on water properties. 46
CRITICAL
POINT

Saturation Pressure
250
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200

LIQUID
150
100

Saturation
curve

50

VAPOR

0
0
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Figure 1.10: Saturation curve for water where this line the liquid and vapor phases exist in
equilibrium until reach the critical point where both phases become identical.

Water properties as a solvent are directly linked to the hydrogen bonds between
molecules. At large, hydrogen bonding becomes weaker as temperature rises and density
decreases. When water expands it causes changes in the positional and orientational
constraints and in the extent of the hydrogen bonding, which translates in a decrease in
properties such as viscosity and dielectric constant. Changes in the hydrogen bonding due
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to temperature and pressure close to the critical point condition the properties of water as
a solvent and its interactions with dissolved ions.46
At low temperatures and densities near 1000 kg/m3 water structure has been
described as short-ranged tetrahedral ordering, extending on a time-averaged basis to three
or more nearest neighbors with appreciable degree of thermal motion and inter-penetration.
It has been reported that this tetrahedral orientation of hydrogen-bonded nearest neighbors
starts to disappear as temperature rises above 150 °C due to augmented thermal motion.
This has been inferred to the water molecule not being hydrogen-bonded to its nearest
neighbor molecules (the extent of the hydrogen bond network is reduced) but being
positioned in interstitial spaces of the low temperature configuration.47-49
Higher kinetic energy, competing directions of bonding to neighbors, and equal
filling of the available space cause the structural order to drop. As the organization given
by the hydrogen bonding breaks down, water becomes more compressible. As an example,
water at 400 °C with a density of about 0.5 g/cm3 retains 30-45% of the hydrogen bonds
that would exist at ambient conditions. At elevated temperatures the hydrogen-bond
network converts into small clusters of hydrogen-bonded molecules rather than large
network observed at ambient conditions; continuing to decrease as density drops while
temperature increases. Despite the loss of order at high temperature at the microscopic
level, water retains some structure observed through the presence of cluster of 5-20
molecules.49
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Additionally, increased pressures at high temperature contribute to restore the
short-range order offered by the hydrogen bonds giving more structure. The effect of
pressure at low temperature, to the opposite drives up density causing the water molecules
to be positioned in non-tetrahedral arrangements.
1.5.1 Thermophysical properties
In sub- and supercritical conditions viscosity is low and diffusion rates are high,
which along with other transport properties and water ability as a solvent are important
parameters in affecting the rate of chemical reactions.
Thermophysical properties of water and steam at high temperature have been
standardized in the form of equations through the International Association for the
Properties of Water and Steam (IAPWS). The IAPWS-95 is a compilation of
thermodynamic properties of water and steam developed on experimental data published
by W. Wagner and A. Pruss.50
Viscosity
Viscosity characterizes a fluid’s resistance to the flow. It is a measure of the fluid’s
ability to transfer momentum across the direction of the flow in a non-equilibrium regime.
Interactions between water molecules, water-ions, and ions-ions are responsible for the
viscous frictions. In isobaric conditions, viscosity of the liquid phase decreases as
temperature rises, showing the opposite trend for the vapor.46
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Figure 1.11: Transport properties (a, b, and c) and surface tension (d) of water in the temperature
range 5°C to the 373.9°C. Square markers represent isobaric values at P=100bar, and
continuous lines values for the saturated liquid. Plots were built using data from E.W.
Lemmon, M.O. McLinden and D.G. Friend, "Thermophysical Properties of Fluid
Systems".51

Viscosity is highly dependent on the density of the fluid. In the liquid phase,
pressure has little effect on the viscosity as density is not considerably affected due to
relative incompressibility at low temperatures; resulting in close viscosity isobars curves
(Figure 1.11). 46 Viscosity affects the equations that describe the mass transfer during the
etching process; diffusion is inversely proportional to the solvent viscosity.52 When in
liquidlike conditions, the reaction kinetics are affected by diffusion processes that control
the transport of reactants and products (diffusion-controlled reactions), the reaction rate
depends on the solvent viscosity.46
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Thermal conductivity
Thermal conductivity measures the fluid’s ability to transfer heat due to a
temperature gradient. It is a function of the density and temperature not being affected by
the magnitude of the temperature gradient. It shows a maximum value around 127 °C, and
a steep increase close to the critical point as illustrated in Figure 1.11.
Surface tension
Surface tension is a measure of the cohesive forces between liquid molecules at the
surface of a liquid. These molecules form an interface which resists the movement of an
object through the surface more than when it is completely submersed. It is related to the
polar nature of the water molecule.
Surface tension is directly related to the size, retention time, and density of
hydrogen bubbles formed on the silicon surface during etching. These bubbles act as
masks, altering the local concentration of etchant and products, and becoming
concentrators for impurities, they are relevant due to their effect on the large-scale
roughness of the etched surfaces and growth of hillocks.53-54
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Figure 1.12: Dielectric constant in isobaric conditions for the temperature interval 0-373°C. Note
the proximity of the curve for 10 and 50MPa. 55

Dielectric constant
The dielectric constant measures the ability of a solvent to be polarized by an
electric field. In general, greater ability to dissolve electrolytes is connected to higher
dielectric constant values. In the case of liquid water, it is relatively high due to its polarity
and ability to form hydrogen bonds. Therefore, changes in the amount of hydrogen bonding
go along with by variation in the dielectric constant. 56
With a value of 78.5 (dimensionless) at ambient conditions (T=25 °C, P=0.1 MPa),
dielectric constant is responsible for water limited miscibility to hydrocarbons and to
effectively dissolving salts. Increasing temperatures lead to lower dielectric constant values
which drops under 20 at 350 °C and nears 10 at the critical point as shown in Figure 1.12.
At low dielectric constant values, water behavior as a solvent is close to that of a polar
organic solvent; becoming more miscible with small size molecules organic solvents and
losing the ability to dissolve ions from inorganic salts. Controlling temperature and
pressure of a system can be used to tune the dielectric constant in order to selectively
dissolve or precipitate compounds from a solution. It is relevant to note that even at high
temperatures, water macroscopic properties become similar to those of a non-polar solvent,
while the single water molecules still remain polar.56
While pressure has minimal influence on the dielectric constant, rising temperature
provokes an abrupt decrease as density and the range of hydrogen bonds decreases.

32

Self-diffusivity of water increases as temperature rises and density falls. This
behavior is originated by the shrinking of hydrogen-bond networks that reduces the energy
barriers for translational and rotational motions.
Ionic product
Water dissociates as:

Equation 3

+
−
+ 𝑂𝑂𝐻𝐻(𝑎𝑎𝑎𝑎)
𝐻𝐻2 𝑂𝑂(𝐿𝐿) ↔ 𝐻𝐻(𝑎𝑎𝑎𝑎)

The ionization constant of water, Kw = [OH-][H+], quantifies the tendency of water
to autodissociate into H+ and OH-. It is related to their hydration strength which increases
as the magnitude of pKw decreases (pKw = - log Kw). It has been calculated for a large range
of temperatures. Marshall and Franck proposed an equation for pKw based on experimental
data that offers a good description of Kw for water densities above 0.4 g/cm3.57 Equation 4
shows their correlation for log Kw as a function of temperature (K) and density (g/cm3),
with terms A through G being regressed constants.57
log 𝐾𝐾𝑤𝑤 = 𝐴𝐴 +
Equation 4

𝐵𝐵 𝐶𝐶
𝐷𝐷
𝐹𝐹 𝐺𝐺
+ 2 + 3 + �𝐸𝐸 + + 2 � ∗ log 𝜌𝜌𝐻𝐻2 𝑂𝑂
𝑇𝑇 𝑇𝑇
𝑇𝑇
𝑇𝑇 𝑇𝑇

High temperatures can increase Kw up to three orders of magnitude than at ambient
conditions as illustrated in Figure 1.13. In the range from 200 °C to 300 °C, Kw increases
to values up to 10-11. Greater values of Kw represent larger concentrations of H+ and OH-

33

ions in solution comparable to those observed at room conditions, allowing water to
participate either as an acid or a base catalyst.57
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Figure 1.13: Plot of calculated values for dissociation constant of water. The temperature range
from 0 °C to 300 °C at saturation pressure.57

Elevated temperatures and pressures affect ionization equilibria for acids and bases.
At temperatures above 250°C on the saturation curve, the ionization constants start to
decrease. To the contrary, a rise in pressure, at temperatures above 250°C, causes it to
increase.48
The endothermic character of water self-dissociation has been used to explain the
increase of the ionic product with temperature from a macroscopic standpoint.56 Water low
density and low dielectric constant at elevated temperatures results in decreased capability
to solvate and stabilize ionic species. Thus, the ionic product decreases.
Various values of ionization constants for ammonia and silicic acid as function of
temperature are presented in Figure 1.14. In the case of ammonia (NH3), based on a model
proposed by Hitch and Mesme, the ionization constant reaches a maximum around 50 °C,
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decreasing at higher temperatures.58 At temperatures above 100 °C, the ionization constant
for NH3 (Ki, NH3) drops below the values obtained in the interval 0-100 °C.

T, °C
0
25
50
75
100
125
150
175
200
225
250
275
300

log10 Ki
4.662
4.168
3.767
3.438
3.165
2.937
2.746
2.585
2.448
2.332
2.233
2.149
2.078

𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂)4 (𝑎𝑎𝑎𝑎 ) + 𝑂𝑂𝐻𝐻 −(𝑎𝑎𝑎𝑎 ) ⇔ 𝑆𝑆𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂)−
3 (𝑎𝑎𝑎𝑎 ) + 𝐻𝐻2 𝑂𝑂 (𝑙𝑙)
(Eq. a)

𝑁𝑁𝐻𝐻3 (𝑎𝑎𝑎𝑎 ) + 𝐻𝐻2 𝑂𝑂 (𝑙𝑙) ⇔ 𝑁𝑁𝐻𝐻4+(𝑎𝑎𝑎𝑎 ) + 𝑂𝑂𝐻𝐻 −(𝑎𝑎𝑎𝑎 )
(Eq. b)
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Figure 1.14: Ionization constant of silicic acid and ammonia in the temperature range from 0°C to
300°C at saturation pressure.58-59

1.5.2 Solubility of silicic acid/silica
As discussed previously (1.4.1 Etching mechanisms) silicic acid (dissolved silica)
is a product of the wet etching process. Knowing the effect of temperature on its ionization
constant and on the solubility of silica is important to understand the factors that can aid or
crimp the dissolution of silicon. In a thorough paper, Fleming et al. investigated this
phenomenon as an application to geothermal fluid processing. 60 Data and equations they
presented will be used here to calculate the equilibrium solubility of silica at various pHs
and temperatures.
Silica solubility is highly dependent on temperature and pH, and to some extent on
ionic strength and pressure. In alkaline conditions, aqueous silica ionizes as shown in
Figure 1.14 (Eq. a), and the values for the equilibrium constant for the reaction (KB) at
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different temperatures are also presented. The equation for ionization equilibrium of water
(KW) and values for its dissociation constant at various temperatures were displayed in
Equation 3 and Figure 1.13.
Solid silica hydrolyses to silicic acid (tetrahydroxyl silicon) as:

Equation 5

𝑆𝑆𝑆𝑆𝑂𝑂2 (𝑠𝑠) + 2 𝐻𝐻2 𝑂𝑂 ↔ 𝐻𝐻4 𝑆𝑆𝑆𝑆𝑂𝑂4 (𝑎𝑎𝑎𝑎)

The silicon atom, in the silicic acid (H4SiO4), molecule maintains the tetrahedral
coordination found in the solid silicon, which is also found in its ionized forms SiO(OH)3and SiO2(OH)22-. Quite often aqueous silica SiO2(aq) is written as H4SiO4.
The solubility of silica (S, in units of mole of solute/kg of solvent) can be written
as:59-60

𝑆𝑆 = 𝐾𝐾𝑐𝑐′ �1 +
Equation 6

10𝑝𝑝𝑝𝑝 𝐾𝐾𝐵𝐵 𝐾𝐾𝑊𝑊
�
𝛾𝛾𝐻𝐻3 𝑆𝑆𝑆𝑆𝑂𝑂4−

Where K’c is the solubility of silica at neutral pH and 𝛾𝛾𝐻𝐻3 𝑆𝑆𝑆𝑆𝑂𝑂4− the activity

coefficient of the silicic acid ion.60 Fleming et al. also reported a table for the activity

coefficients for quartz and amorphous silica (a metastable, non-crystalline solid, kinetically
favored product of silicic acid precipitation) for various temperatures and pH. K’c can be
calculated using the following equations (T in K):
𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄:

𝐿𝐿𝐿𝐿𝐿𝐿 𝐾𝐾𝑐𝑐′ = −1.468 +

252.9
3.217 × 105
−
𝑇𝑇 2
𝑇𝑇
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Equation 7
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠:

𝐿𝐿𝐿𝐿𝐿𝐿 𝐾𝐾𝑐𝑐′ = 0.338 +

840.1

− 7.889 × 10−4 × T

𝑇𝑇

Equation 8

By combining all this information S was calculated (Table 1-3) for the temperature
ranging from 5 °C to 300 °C and from pH 7 to 12.
Equilibrium solubility of silica, g/kg
QUARTZ

AMORPHOUS

pH

pH

T, °C

7

8

9

10

11

12

7

8

9

10

11

12

25

0.004

0.004

0.005

0.010

0.066

0.6966

0.601

0.609

0.692

1.564

11.82

146.5

50

0.012

0.012

0.015

0.050

0.427

5.270

0.950

0.977

1.255

4.339

44.43

491.3

75

0.028

0.029

0.042

0.187

1.932

25.34

1.398

1.467

2.190

10.721

127.5

1571.2

100

0.054

0.058

0.099

0.556

6.673

79.84

1.944

2.088

3.645

23.380

286.3

-

125

0.095

0.104

0.201

1.360

17.998

222.0

2.580

2.836

5.714

44.919

540.76

-

150

0.148

0.166

0.357

2.810

38.76

-

3.292

3.694

8.355

76.308

953.4

-

175

0.216

0.244

0.565

4.996

70.13

-

4.066

4.624

11.320

115.5

-

-

200

0.294

0.335

0.796

7.687

112.7

-

4.882

5.571

14.097

156.3

-

-

225

0.382

0.431

1.005

10.30

171.2

-

5.722

6.475

16.066

190.1

-

-

250

0.476

0.527

1.140

11.99

-

-

6.567

7.290

16.702

207.2

-

-

275

0.574

0.619

1.164

11.88

-

-

7.405

7.994

15.793

198.2

-

-

300

0.675

0.706

1.094

9.706

-

-

8.226

8.617

13.834

161.1

-

-

Table 1-3: Predicted solubility of silica (expressed in g of solute/kg of solvent) as a function of the
temperature and pH for quartz and amorphous silica, which are respectively the least and
most soluble forms. Values were calculated based on data and equations reported by
Fleming and Crerar. 60

From Table 1-3, it is clear that alkaline pH enhances silica solubility, fast increases
can be observed after pH 9. The model created by Fleming and Crerar considers certain
conditions and approximations with limited validity beyond pH 12. Below pH 7, the
ionization reaction is insignificant. At high pH and temperatures the predicted solubility
reaches large values.
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Interestingly, the predicted solubility of amorphous silica (the form expected during
re-precipitation) presents a maximum at 250 °C for solution at pH 9.0 and 10.0, decreasing
at higher temperatures. At pH 7.0 and 8.0, the model projects a continuous increase of the
solubility as temperature rises from 25 °C to 300 °C.
For the research presented herein, the solubility of silica is of interest from the point
of view of the possible re-precipitation after the silicon atoms are removed from the crystal.
Once the maximum solubility is reached, precipitation of the excess of silica would start
with the nucleation of colloidal amorphous silica particle (H4SiO4 + H4SiO4 = H6SiO4 +
H2O); the nucleated particle will continue growing by continuous addition of silicic acid to
the existing particles (H4SiO4 + HO-(SiO2)n = (SiO2)n-O-Si(OH)3 + H2O). The precipitate
produced through this condensation polymerization reaction has been reported to be hard
and highly adherent to surfaces.60
In addition to the obvious importance of the solubility of silicate in the macro level,
the potential pseudo-masking that re-precipitated silicate etching products represent is
affected by the ability of the solution to dissolve the localized high concentration of
silicates.
1.5.3 Hydrogen bubbles
Hydrogen gas is produced during the dissolution of silicon at a rate of two
molecules of H2 per atom of silicon removed; hydrogen bubbles randomly nucleate over
the reacting surface and eventually detach from it.26
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Bubbles’ effect on surface morphologies has been attributed to the blocking sway
they have on the reacting species involved in the dissolution of silicon. Acting as pseudomasks they physically obstruct the access to reactive sites on the surface not allowing the
solution to reach them. 26, 45
With hydrogen bubbles being identified as one of the main causes of the formation
of morphologies such as hillocks on the silicon (100) surfaces, understanding the
phenomena behind their characteristics and behaviors is of importance to control them. The
present study will focus on describing the parameters involved in three main characteristics
of hydrogen evolution on the silicon surface, namely their size, density, and attachment
time.53-54
This first step is the consideration of hydrogen’s solubility. The amount of
hydrogen the solution can incorporate is of relevance as it affects the ability of the bubbles
to be dissipated into its surrounding medium. Data on hydrogen solubility in water at high
temperatures is limited. Some of the accepted models used to predict solubility of hydrogen
in water at high temperatures were extensively evaluated in a work by Fernandez and
Crovetto,61 in which the temperature dependence of Henry’s constant was addressed. They
proposed an equation based on experimental data and theoretical considerations with good
fit up to 635 K:

ln 𝑘𝑘𝐻𝐻

𝑁𝑁

−1.0
647.3 − 𝑇𝑇
𝐵𝐵𝑖𝑖+1
(647.3 − 𝑇𝑇) 𝑙𝑙𝑙𝑙 �
=
� + � 𝑖𝑖 (1000)𝑖𝑖
𝑇𝑇
647.3
𝑇𝑇
𝑖𝑖=0

Equation 9
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Where kH is Henry’s constant in GPa, T is the temperature in K, and Bi are the
fitting coefficients (B1= -38.4512, B2= 53.4846, B3= -27.4317, B4= 6.3522, B5= -0.5590).61
Using Equation 9, kH can be plotted for temperatures ranging from 25 to 350 °C as shown
in Figure 1.15. As for most apolar gases, hydrogen solubility in water decreases as
temperature rises above normal conditions reaching a minimum around 45 °C; then the gas
solubility continually increases.49

Henry's Law Coefficient for H2-H20 System
8

Henry’s Law:

7

kH, GPa

6

p = partial pressure of gas above the solution
x = mole fraction of gas in solution

5
4
3
2
1
0
0

50

100

150

200

250

300

350

T, °C

Figure 1.15: Values of Henry’s constant for hydrogen in water calculated using Equation 9.61

Momentum, heat, and mass transfer phenomena between the expanding bubble and
the surrounding liquid govern the processes involved in the growth of a bubble.
Movement of etchant in contact with the silicon surface has been reported not only
to decrease the time bubbles remain attached to it, which is mainly a momentum transfer
phenomenon but also to facilitate the movement of reactive species and reaction products
from and to the wafer surface, which is a mass transfer phenomenon.26 Bubbles with shorter
lifetime result in surfaces with less roughness (often referred to in the literature as
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roughness quality). Depending on the application, good roughness quality may refer to flat
surfaces (MEMS) or surfaces with high rugosity (PVs).
Alternatives to increase the momentum and mass transfer between the etchant and
the reactive surface lay on changing the speed of the fluid right in contact with the surface
using mechanical agitation or by varying the flow in case of an in-flow system,62 and/or
modifying the transport properties of the liquid such as density and viscosity. As mentioned
above, transport properties can be adjusted by altering the composition of the fluid
(concentration or additives) or the temperature of the reaction system. Higher speeds of the
liquid will result in lower attachment time. Likewise higher momentum transfer, given for
example, by increased viscosity or a change in the regime of the flow pattern, will also
cause a premature separation of the bubbles.
When working in atmospheric conditions (T<100 °C), high temperature and low
concentrations of KOH are in general associated with rough surfaces.62
Bubbles are pulled from the surface by buoyancy forces whereas surface tension
forces anchor them to the surface. In a stationary fluid (without any other forces involved
– no forced fluid movement) as buoyancy force growths, the bubble will detach when it
surpasses the surface tension. Under stationary fluid conditions, a study by Hynninen
concluded that roughness was proportional to the length scale of the hillocks on the Si(100)
surfaces, which in turn were proportional to the bubble lifetime.54 The latter relationship
was proportional to the product of the inverse of the capillarity constant and the square of
the equilibrium contact angle (angle between the bubble and the surface). Their conclusion
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was that the bubble lifetime was proportional to the sum of γsl + γvl – γsv; where γ is the
surface tension and the under indexes indicate solid (s), liquid (l), and vapor (v).54 Hence,
by reducing the values of γsl or γvl, the lifetime of the bubbles will decrease; which can be
achieved by adding surfactants or altering the temperature of the system, in other words
working in the subcritical region.
Haiss et al. was concluded that the concentration of KOH has a distinct influence
on the bubble lifetime, increasing at lower KOH concentrations.53 Likewise, they observed
an increase in the average bubble size in those conditions. For example, they reported that
an increase from 1.7 to 6 M resulted in a decrease of the lifetime of about two orders of
magnitude.53 Similar observations were noted by Palik et al. who indicated that increasing
concentrations of KOH resulted in smaller bubble diameters and higher density of bubbles
per unit of area. Additionally, Haiss observed that bubbles form and detach from the
surface randomly, adopting an even distribution over the reacting surface, with a wide
range of bubble lifetime.53 Large bubbles sizes lead to extensive roughening.53 They even
went further and proposed an experimental relation between bubble diameter (d(τ)) and the
bubble lifetime (τ) given by d(τ) = a(T) x τ1/2; with a being a temperature dependent
coefficient.
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CHAPTER 2.

INVESTIGATION OF THE ETCHING OF SILICON UNDER
SUBCRITICAL WATER CONDITIONS
2.1

ABSTRACT

Herein, we present a study investigating the wet etching reaction conditions of
monocrystalline silicon in the subcritical region of water, specifically from 200ºC to 300ºC.
In the subcritical region, there is a departure of thermodynamic, transport, and chemical
properties from normal conditions. This has the potential to affect the reaction paths for
the dissolution of silicon, by not only modifying the local concentration of reactants and
products, but also by altering the relative activation energy of different reactions, or by
changing the water polarity. Furthermore, the presented methodology uses concentrations
of etching agent markedly lower than previous works, with potassium hydroxide (KOH)
concentrations ranging from 0.03 to 0.7 w%. This study suggests that dilute etchant
solutions at high temperatures can produce results comparable to those reported at
atmospheric conditions using higher concentrations of etchants. Based on the results
obtained, the main key factors in the etch rates were crystallographic orientations of the
wafer, composition of the etching solution, and temperature.
2.2

INTRODUCTION

In applications such as microelectronics, micro electromechanical system (MEMS),
and photovoltaics (PVs), monocrystalline silicon is a material of paramount relevance. In
these fields, wet etching is a widely applied technique for the modification of silicon
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surfaces.26, 37, 63 Depending on the conditions, the etching can be extremely anisotropic as
different crystallographic orientations in the silicon crystal can exhibit different etch rates
of the surface undergoing the wet etching.
Various methods have been devised for the etching of crystalline silicon including
the addition of dopants, dry etching, masked etching, and several other mechanisms.64-65
Nevertheless, wet anisotropic etching of crystalline silicon using KOH solutions is a
reputable selection due to its high level of control and repeatability.37 Researchers have
extensively reported on the benefits and drawbacks of other compounds such as
tetramethylammonium

hydroxide

(TMAH),

sodium

hydroxide

(NaOH),

and

ethylenediamine pyrocatechol (EDP).27, 37, 66-67 The use of ammonium hydroxide (NH4OH)
has also been reported.68 Solutions of this lastter and KOH were the etchants of choice for
this study.
The monocrystalline silicon surface undergoes morphological changes consisting
of pyramids and other surface artifacts, such as pits and ridges, when using alkaline
etchants. Such surface artifacts are desired in the case of PVs to improve the amount of
light absorbed and therefore the flow of electrons generated.32, 37, 65 The morphology of
silicon after anisotropic etching is attributed to the contrasting rates for removal of atoms
(i.e. difference in etch rates) located in different crystallographic orientations in a silicon
crystal.69 In a study by Seidel et al., the etch rates (R) of different silicon planar surfaces
were analyzed. The ratio of the (111) orientation etch rate compared with the (100) and
(110) orientations was 1:35:500, respectively.37 Anisotropic etching of crystalline silicon
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is a consequence of these etch rate differences. When etching takes place, the (110) and
(100) orientations are removed more quickly than the (111) orientation resulting in the
morphologies previously described.70 Regarding planar etching, it has also been
experimentally shown that the variation between planar etch rates is dependent on
temperature. In a study by Camon and Moktadir, the etch rate ratio (110):(100):(111) is
shown as 50:30:1 at the boiling point of a KOH etching solution and changes to 160:100:1
at room temperature.71 This result indicates that temperature not only affects the etch rates
of each crystalline plane, but also has a different impact on the etch rate of each crystalline
plane.
Considering the relevance of the wet etching, it is not surprising that extensive
research has been performed towards understanding the mechanisms and variables
involved in the wet etching processes, and producing experimental and theoretical models
to explain and predict their behaviors.32, 65, 72 With very few exceptions, the bulk of the
research has been conducted at atmospheric pressure in the range from room to 100°C.37,
65, 71-74

Studies above this temperature are scarce and no previous work has been found

above 140°C for alkaline solutions.75 Furthermore, previous work has not focused on the
use of low concentration of etchants (under 1 %w).72
One study conducted by Morita and Ohnaka reported findings of etching on a
silicon wafer by water (no etchant involved except the water) at 200 ⁰C and 10 MPa; the
results showed anisotropically etched pyramids.76 These results suggested that etching was

possible in the subcritical region. The same study also reported pitting of the silicon surface
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not corresponding to the anisotropy of the crystalline silicon at 400⁰C and 25 MPa;
conditions at which water is supercritical. The pitting hinted at the possibility that the
etchant solutions may not etch in an anisotropic manner when water was supercritical.
It is known that in the sub- and super- critical regions of water shown in Figure 2.1,
there is a significant departure of thermodynamic, transport and chemical properties from
those at normal conditions.77 These changes can offer new reaction paths by not only
modifying the local concentration of the reactants and products, but also by altering the
relative activation energy of different reactions, or by changing the water polarity . Of
particular interest is the subcritical region where water remains in the liquid phase and it
extends from normal boiling point (100 °C, 1bar) up to the critical point (373.9 ºC, 220bar).

Figure 2.1: Phase diagram of pure water showing the subcritical (grey) and supercritical (blue)
regions. (Plot built based on equations from Wagner and Pruß).77

Preliminary experiments showed that working in the subcritical region could enable
the use of extremely low concentrations of etchants, the creation of new surface features,
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and the reduction of processing times.72 Herein, the main factors controlling the dissolution
of monocrystalline silicon in different alkaline solutions at temperatures between 200 ºC
and 300 ºC, are investigated. The present work aimed to define the main parameters
governing the etching of silicon in the subcritical region of water using highly diluted
etchant. As an attempt to identify these factors and their interactions, a rigorous
experimental strategy was followed to consider the effects of temperature, time, flow,
solution, and wafer orientation on the etch rate in terms of percent mass loss. The design
of experiments was set up to consider not only all main effects against two-way interactions
among the quantitative variables (temperature, time, and flow), but also against the main
effects and two-way interactions between the two qualitative variables (solution and
orientation) and the quantitative variables. The resulting reactions were characterized by
measuring the mass loss during etching to quantify etch rates. Additionally, the
morphological changes on the etched surfaces were studied using scanning electron
microscope (SEM) images.
2.3

EXPERIMENTAL

2.3.1 Experimental Design.
Five experimental factors were investigated: five reaction times (quantitative),
five temperatures (quantitative), five flow rates (quantitative), two silicon crystalline
orientations (qualitative), and three solutions (qualitative) as shown in Table 2-1. In a
full factorial design of this experiment, there would have been 750 experimental units
and runs. The time to conduct this factorial experiment would have not been feasible or
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practical with the equipment available. Therefore, using SAS v. 9.3 PROC OPTEX
(SAS, 2011), a design was selected based on the D-optimality criterion that allowed for
the selection of design points (combinations of the experimental factors) from a predefined set (750 for this experiment). The D-optimality criterion is one of the most
widely used criterion for selecting an optimal design with fewer experimental runs while
minimizing the variance of the estimators.78 Analysis of the sample set indicated that 41
design points should be considered to attain the goals of the study. The 41 experimental
conditions were run in a random order with a complete reset of the reactor after each
run. Each experimental run was conducted with 3 pre-weighed silicon wafers and the
resulting mass and surface topology was averaged for a single measurement. The data
obtained from this experiment was analyzed using SAS 9.3 PROC RSREG to obtain
parameter estimates and conduct statistical tests. A significance level of 0.05 was used
for all tests of significance.
QUANTITATIVE FACTORS

QUALITATIVE FACTORS

Temperature, ºC

Flow, mL/min

Run Time, min

198

1.54

7.7

220

3

15

250

5

25

280

7

35

301

8.46

43.3

Orientation

Etchant

(111)

NH4OH pH=11.7
KOH pH=11.7

(100)

KOH pH=13.0

Table 2-1: Experimental conditions chosen during the Design of Experiment. Bold values indicate
center points for the quantitative factors.

In addition to this experimental schedule, runs at low temperature (22 °C and 90
ºC) and runs at low concentration of etchant were conducted following the same protocols
used for the experimental design. The chosen flow rate and run time were 5mL/min 25min,
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respectively. In the case of the low concentration of etchant the selected temperature was
250 ºC.
2.3.2 Materials
The etching solutions were composed of KOH 5E-4w% (pH=10.0), KOH 5E-3w%
(pH=11.0) KOH 0.03w% (pH=11.7), KOH 0.7w% (pH=13.0), and NH4OH 1.0w%
(pH=11.7). The etchant solutions were prepared using KOH (Reagent A.C.S., Pellets;
Aqua Solutions) and NH4OH (Certified Plus, 14.8N, Fisher Scientific) in deionized water
(DIW) with a resistance of 18MΩ. New solutions were prepared for each individual run
and degassed by sonication before use (ammonium hydroxide was omitted from sonication
due to its high volatility). The pH of the solutions was checked before each reaction to
ensure an acceptable solution using a pH meter with a PerpHecT ROSS pH Electrode
(model 420A, Thermo Orion, USA).
The (100) wafers were acquired from Virginia Semiconductor Inc. (VA, USA) and
the (111) from Addison Engineering Inc. (CA, USA). Portions of monocrystalline silicon
wafers of about 1 cm2 (~ 1cm x 1cm) were sectioned using a diamond scribe (SPI Supplies,
USA). The wafer samples were photographed (using milimetric paper as background) and
labeled. The silicon samples were handled using Teflon coated tweezers (SPI Supplies,
USA). Samples were individually degreased with ethanol and rinsed with DIW, after
sectioning. The two crystal orientations were selected because they exhibit high difference
in etch rates, with the (100) being higher than the (111).
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2.3.3 Subcritical reactor
The reactor utilized to conduct experiments in the subcritical region is represented
in Figure 2.2. A high pressure chromatography pump (model 5011 Series III, Lab Alliance,
USA) was used to hold the pressure inside the reactor, and driving the feed solution
(etchant) inside the reaction cell, where the etching occurred. This latter consisted of 1 in.
outer diameter stainless steel 316 tubing with fittings on either sides of the tube (Swagelok,
USA) with a total volume capacity of 40 mL.

P

Thermocouple

High
Temperature
Fluidized
Bath
Feed
Solution
Reservoir
(Etchant)

Back
Pressure
Regulator

Reactor’s
Cell

Eluent
Solution
Receiver
High
Pressure
Pump

PreHeater

P

Figure 2.2: Schematic of the subcritical reactor used for the experimental work.

Spring loaded backpressure regulators (26-1700 Series, Tescom, USA) controlled
the pressure of the system, one with a maximum range of 1500 psi for most of the
experiments and another one with a maximum 10000 psi for the runs at higher
temperatures. The pressure in the cell was monitored by a digital gauge and the temperature
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of the outflow solution from the reactor cell is monitored by a transition joint thermocouple
probe.
The cell was heated by a fluidized bath (Techne, SBL-2D) that allowed control the
temperature with an accuracy of ± 1.0 °C. The fluidized bath operated with a flow of
compressed air at 2.5 bar providing uniform heat for the reaction. For extra control, a
transition joint thermocouple probe was installed at the exit of the cell monitoring the
temperature of the outflow solution. Additionally, a pre-heater made of a coiled 1/8 in tube
installed before the cell ensured that the etching solution was at the desired temperature
when reaching the cell.
All the tubing (1/8 in. outer diameter seamless), valves, and the cell itself were
made of stainless steel 316.
It should be noted that this is an in-flow reactor and the solution in contact with the
silicon specimens is continuously renewed.
2.3.4 Etching experiments
Before each experiment, the wafer samples were washed individually in ethanol
(Fisher Scientific, USA) for twenty seconds, dried overnight in a desiccator, then weighed
on an analytical semi-micro balance (model Pinnacle PI-225D, Denver Instrument, USA).
Three wafers of the same orientation were used in each reaction to ensure quality reaction.
The wafers were placed in a PTFE mesh (Industrial Netting, USA) basket stitched using
low density PTFE Teflon tape (AST Industries Inc., USA) twisted into thread. The reactor
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baskets were constructed to allow flow to the samples during reaction but still effectively
contain the wafers. The basket was then placed inside the reactor cell which was then
tightened closed with the application of Teflon tape on its threads.
Prior to connecting the cell and before the reaction, the reactor was flushed for at
least half an hour at 10 mL/min with the reaction etchant solution. Once the sand bath
reached the reaction temperature the reactor cell was connected to the reaction system and
the etching agent pumped through the system to pressurize it at room temperature. As soon
as the work pressure (90 bar) was reached, the cell was immersed in the fluidized bath. The
reactor cell was allowed to reach a steady temperature (about 3 min) while the etchant
solution was already flowing though the cell. After the thermal equilibrium was reached,
the timer was started. When the reaction time was achieved, the cell was removed from the
heater and DIW was immediately pumped through the reactor at 30 mL/min in an attempt
to minimize the precipitation of silicate on the surface of the wafers. The outflow solution
from the reactor was checked with pH test strips (CTL Scientific Supply Corp., USA) until
a neutral pH was reached. The cell was then submerged in DIW to finish the cooling. The
cell was disconnected and opened; the wafers were removed from the reactor, rinsed with
DIW, and placed in a desiccator to dry overnight. To maintain consistency with the
requirements for a correctly run experimental design, the sand bath temperature was cooled
to about 35 ⁰C to reset experimental conditions after each experiment.
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2.3.5 Sonication
The post reaction samples were weighed the following day, then sonicated in DIW
to remove any deposits and as much silica precipitate as possible. The wafers were then
rinsed with acetone (Fisher Scientific, USA) for quick drying. The samples were again
dried overnight in desiccator and weighed.
2.3.6 Hydrofluoric Acid
For those samples still containing a significant amount of silica precipitate on the
surface, hydrofluoric acid was used to remove it. Hydrofluoric acid was chosen to remove
the silica precipitate due to its higher etch rate for silica than silicon (three orders of
magnitude greater).32 The samples are placed in a separate polypropylene beaker with 48%50% by weight hydrofluoric acid (Fisher Scientific, USA) for four minutes. The wafers are
removed from the acid, washed by consecutively dipping in three separate beakers of DIW,
and allowed to dry. The samples are weighed again.
2.3.7 Determination of the Etch Rate
The etch rates were determined as percent of mass loss per unit of time. In order to
compare these results with values reported by other researchers, the values obtained were
converted to micrometers per hour. This was done with the assumption that most of the
mass loss would be from the dissolution of the top and bottom faces of the wafer, and that
the etching of the sides of the wafer would not have a significant incidence in the total mass
loss. This assumption was corroborated by the measurements of the size of the wafers
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before and after etching, which did not reveal significant movement of the lateral surfaces).
Consequently, by knowing the original thickness of the wafers, their weight and density,
the mass loss can be related to the advancement of the etched surfaces (etch rates expressed
in units of length per unit of time).
The experimental design included the etching time as a quantitative factor in the
etching rates, as in the conditions considered they may not be constant (i.e. no linear
relationship between mass of Si removed and etching time) as the etching reaction
advances.
2.4

RESULTS AND DISCUSSION

Following the experimental design developed for this study 41 runs were
conducted in the subcritical region as shown in Table 2-2. In addition, 6 runs at 22°C
and 6 runs at 90°C were conducted for comparison purposes. The factors varied during
the experiments were crystallographic orientation of the wafer, composition of the
etching solution, temperature, flow rate of etchant, and reaction time. The etch rates
were calculated based on the percentage of mass loss per unit of time, determined by
weighing the wafers before and after etching. Additionally, morphological changes on
the surface of the silicon wafers were studied using optical microscopy and SEM
imaging. For each run, 3 silicon wafer samples were utilized at the same time and the
results reported the average of the three.
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Experimental
group, random Wafer type
order

T (ºC)

Solution

Flow,
mL/min

Run time,
min

Diss. Rate,
μm/h Average

Diss. Rate,
μm/h Standard
Deviaton

DOE-A-01

[100]

250

KOH 11.7

5

43

62

14

DOE-A-02

[100]

198

KOH 11.7

5

25

43

6

DOE-A-03

[111]

301

KOH 11.7

5

25

51

6

DOE-A-04

[100]

220

KOH 13.0

7

15

402

64

DOE-A-05

[111]

250

NH4OH 11.7

8.46

25

36

4

DOE-A-06

[100]

250

KOH 11.7

1.54

25

95

3

DOE-A-07

[111]

250

KOH 13.0

5

43.3

161

2

DOE-A-08

[100]

301

NH4OH 11.7

5

25

98

20

DOE-A-09

[111]

250

KOH 13.0

1.54

25

155

9

DOE-A-10

[111]

250

NH4OH 11.7

5

25

41

4

DOE-A-11

[100]

280

KOH 13.0

3

35

363

13

DOE-A-12

[111]

198

KOH 11.7

5

25

11

1

DOE-A-13

[100]

250

KOH 11.7

5

25

71

10

DOE-A-14

[111]

198

NH4OH 11.7

5

25

28

4

DOE-A-15

[100]

280

NH4OH 11.7

7

35

104

9

DOE-A-16

[100]

250

KOH 13.0

5

25

431

47

DOE-A-17

[111]

250

KOH 11.7

5

43.3

25

1

DOE-A-18

[100]

250

KOH 11.7

5

7.7

109

2

DOE-A-19

[100]

250

NH4OH 11.7

1.54

25

91

13

DOE-A-20

[100]

280

KOH 13.0

3

15

453

88

DOE-A-21

[111]

250

KOH 11.7

8.46

25

26

1

DOE-A-22

[111]

250

KOH 11.7

1.54

25

21

2

DOE-A-23

[111]

250

KOH 11.7

5

25

26

4

DOE-A-24

[111]

250

KOH 13.0

5

7.7

274

10

DOE-A-25

[111]

250

KOH 13.0

5

25

178

7

DOE-A-26

[100]

280

KOH 13.0

7

15

576

57

DOE-A-27

[111]

250

KOH 13.0

8.46

25

177

17

DOE-A-28

[100]

220

NH4OH 11.7

3

15

200

1

DOE-A-29

[100]

220

KOH 13.0

3

35

371

9

DOE-A-30

[111]

198

KOH 13.0

5

25

82

13

DOE-A-31

[111]

250

KOH 11.7

5

7.7

27

1

DOE-A-32

[100]

250

NH4OH 11.7

5

25

151

27

DOE-A-33

[100]

250

KOH 11.7

8.46

25

82

7

DOE-A-34

[111]

301

NH4OH 11.7

5

25

43

1

DOE-A-35

[111]

301

KOH 13.0

5

25

249

59

DOE-A-36

[100]

250

NH4OH 11.7

5

43

88

5

DOE-A-37

[111]

250

NH4OH 11.7

5

43

31

3

DOE-A-38

[111]

250

NH4OH 11.7

5

7.7

35

4

DOE-A-39

[100]

220

KOH 13.0

7

35

356

9

DOE-A-40

[100]

301

KOH 11.7

5

25

90

28

DOE-A-41

[111]

250

NH4OH 11.7

1.54

25

36

8

Table 2-2: Schedule of the experimental design with results of experiments.
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2.4.1 Statistical Analysis
The statistical analyses did not reveal significant interaction or quadratic effects
among any of the variables. When a stepwise addition and removal of the five variables
and their interactions into the model was performed, solution, time, and orientation were
selected. In the model with these three variables, the partial regression coefficients (R2)
were each significant (p<0.05). The partial R2 value for the solution factor is the largest,
2
𝑟𝑟𝑌𝑌𝑌𝑌
=0.466, indicating that the type of etchant solution explained a large proportion of the

variation in the percent mass loss in the regression model. When orientation was added to

the model, the R2 was increased by 0.051. When time was added to the model with solution
and orientation, the R2 was increased by 0.049. The multiple coefficient of determination
for the model with solution, orientation, and time as predictors of percent mass loss is
𝑅𝑅 2 =0.565.
2.4.2 Effect of Time
The effect of the reaction time on the advance of the etching was not conclusive.
The experiments did not produce enough information to support or contradict the statement
of linearity of the etching rates. Consequently, all the etching rates calculated during this
study were global rates (Rg) expressed as value of the amount of mass loss per unit of time
for a given time interval expressed in % of mass loss/h or µm/h. For all the experiments
performed after the schedule of the experimental design the duration of the runs was fixed
to 25 minutes in order to compare results without having to consider time as a variable.
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2.4.3 Effect of Orientation
For monocrystalline silicon, the reactivity of the different crystal planes is
conditioned by the dissimilar reactivity of their exposed surface atoms (number of
neighbors, back-bonds, and surface bonds), the density of reaction sites, and the
composition of the etchant. This means that different surface sites will have different
reaction rates due to different energy barriers for the removal of each surface atom and
their availability.26 For example, the number of backbonds of the Si atoms, determined by
the number of first neighbors, is two for a Si(100) surface atom and three for a Si(111),
resulting in two and three back-bonds respectively without surface bonds. As a result, the
etch rates for both orientations will be different, with the Si(111) surface atoms exhibiting
a lower etch rate than Si(100) atoms.36, 79
This trend has been widely researched and corroborated with experimental work
and simulations carried out in the atmospheric region.27, 31, 63, 80-82 The global etch rates
obtained as a result of our experiments suggested that in the subcritical region this trend
will be true, with the (111) surfaces presenting lower R than the (100). For all the
conditions considered, the global etch rates for Si(100) have been about two fold higher
than for Si(111). Although there were no reason to expect the subcritical conditions to
modify this trend, the question remained whether the ratio Rg100/Rg111 would be modified
as a function of temperature.
The anisotropy of the etch rates, affected by this ratio, was essential to generate
different morphologies that in turn were affected by any changes to it. Both orientations
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presented typical surface morphologies. Pyramidal hillocks were the most distinctive
features when Si(100) was etched with KOH at low concentrations, presenting four lateral
(111) crystallographic planes sitting on a (100) base as shown in Figure 2.3.37, 66, 83-84 A
condition for the formation of these shapes was the presence of a micromasking agent. This
latter being either partially insoluble reaction products, hydrogen bubbles, or etchant
impurity that locally stopped the etching process (pinning) stabilizing the apex atom
(Figure 2.3).26, 79, 85

Figure 2.3: a-b) Crystallographic planes in the typical morphologies caused by wet etching of
silicon surfaces. c) Hillock with a partially soluble reaction product (silicon dioxide) on
top after etching with KOH 0.03w% at 250°C for 43 minutes and using a flow rate of
5mL/min.

In the atmospheric region, it has been reported that depending on the etching
conditions the hillocks can present more complex features, such as multiple apexes and
rough edges and facets having steps, pits and other defects.26 Similar phenomena have been
observed during the experiments in the subcritical region. Examples of these observations
are the hillocks depicted in Figure 2.3-c with an octahedral base and the ziggurat type of
shape illustrated in Figure 2.4-a.
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From the experimental results reported it is not conclusive that the global etch
rates for each orientation, changed at the same rate versus temperature. There are more
factors to consider besides temperature such as the transport properties of the solution.

Figure 2.4: SEM images of silicon surfaces etched under identical conditions: [KOH]=0.03w%,
T=198°C, flow=5mL/min, run time=25min. a) Typical square base hillocks on the (100)
surface; b) triangular pits on the (111) surface.

Triangular pits, characteristics of the (111) orientation,86 appeared in the subcritical
region (Figure 2.4-b). As in the case of the hillocks in Si(100), some of the etching
conditions in Si(111) produced complex morphologies (Figure 2.7, Figure 2.9)
Due to size limitations of the reaction cell used in the subcritical reactor only small
sections of wafers were used at the time this study was conducted. After the Si wafers were
cut keeping track of the different crystallographic orientations proved to be extremely
difficult. Consequently, during this study it was not possible to evaluate the dependence
of the triangular etch pit on Si(111) with the etching conditions.
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An additional observation was that during the experiments most conditions
promoted the formation of a white layer on the etched silicon surfaces as shown in Figure
2.5. Analysis using SEM-EDS indicated that the composition of the white layer was Si and
O in the ratio 1:2. This phenomenon was previously reported in the literature,32 and linked
with the use of KOH at concentrations lower than 15w%; the concentration used herein
were 0.03 and 0.7w%. White deposits also appeared during etching with NH4OH. The
adherence of the residual layer was consistently different for each orientation; while very
difficult to remove mechanically from the Si(100) it was easily separated by cleaving or
sonication from the Si(111).

Figure 2.5: White silicon dioxide layer on etched wafers. a-c) Si (100), very adhesive; d-f) Si(111),
easily removable; g, h) SEM images of Si(100) after etching with [KOH]=0.03%w at
250°C.
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2.4.4 Effect of Etchant
The effect of the etchant on the etch rates was mainly due to the ability of the
hydroxyl ions to substitute the surface-terminating hydrogens, weaken the backbonds, and
therefore, facilitate the removal of the surface atoms. This process can be affected by the
accessibility to the reaction sites (the larger the amount of empty space around a site the
higher the reactivity) and the obstruction of the sites by cations and etchant additives.26 It
is expected that in the subcritical region these would be affected by changes in the
properties of the etching fluid.
In the atmospheric region, low concentrations of etching agent do not dissolve
silicon at a significant rate, making them impractical for most applications. For this reason
researchers have focused on the effects of high concentrations often neglecting what
happens in dilute solutions.26 For example, [KOH]=0.7w% showed a markedly higher Rg
than [KOH]=0.03w%. At pH 11.7, both KOH and NH4OH, seemed to have a similar but
yet a slightly different behavior. Nonetheless, even at KOH concentrations as low as 5E3w% (pH ≅ 11.0), the global etch rates observed at 250°C were comparable or higher than
those at 90° C using KOH 0.7w% as shown in Figure 2.6.
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Global Diss. Rate, μm/h (AVERAGE) @ 250C

500
450

(100)

400

(111)

R, um/h

350
300

(100) pH=13 @ 90C

250

(111) pH=13 @ 90C

200
150
100
50
0
9.0

10.0

11.0

12.0

13.0

14.0

pH

Figure 2.6: Comparison of global etching rates at various pH. At 250 °C the Rg achieved using
concentrations as low as 5E-3w% (pH ≅ 11.0) are higher than those at 90 °C (atmospheric
conditions) using KOH 0.7w%.

Examination of surfaces with an optical microscope made obvious the different
effects of the three etchant solutions on the etched surfaces. For example, Figure 2.7 shows
that [KOH]=0.03w% created a relatively homogeneous coverage with triangular pits of
similar size and shapes, while at the same pH NH4OH produced larger triangular pits of
different sizes that also covered the entire surface of the wafer.

62

a

b

c

0.1mm

0.1mm

e

d

0.1mm

f

1mm

100um

100um

Figure 2.7: Optical microscope (top row) and SEM (bottom row) images of silicon (111) surfaces
etched with different etchants under identical conditions: T=250°C, flow=5mL/min, run
time=25min. a,d) [KOH]=0.03w%, pH=11.7; b,e) [KOH]=0.7w%, pH=13.0; c,f)
[NH4OH]=1.0w%, pH=11.7.

Surprisingly, the typical triangular pits were not observed with [KOH]= 0.7 w% ,
instead depressions without a defined shape. The improved etch rates of the [KOH]=0.7w%
may not be an advantage if the main objective of the etching is the texturization of the
silicon surface.
2.4.5 Effect of Temperature
As expected, experiments at room temperature produced markedly low global
etching rates, so low that in some cases the changes in weight fell within the error of the
analytical scale leading to inconclusive results. For instance, for the Si(111) KOH 0.7 w%
the negative value suggests an increase in mass rather a loss.
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The dissolution rates registered at 22 °C were at least two orders of magnitude
smaller than those at 250 °C (Table 2-3), suggesting that an increase in temperature could
allow for the increase of the global etch rate, even when working with highly diluted
concentrations of etchant. As shown in Table 2-3, the effect of the etchant in these dilute
solutions is not clear at room temperature. Nonetheless, the etch rate of the (100) were
greater than those of (111).
22°C
Wafer type

(100)

(111)

90°C

250°C

Solution

Rg, um/h
(AVERAGE)

Standard
deviation

Rg, um/h
(AVERAGE)

Standard
deviation

Rg, um/h
(AVERAGE)

Standard
deviation

NH4OH 11.7

0.21

0.06

7.82

1.10

60.40

10.90

KOH 11.7

0.45

0.07

4.02

0.08

28.20

3.80

KOH 13.0

0.24

0.08

17.37

0.51

172.60

18.70

NH4OH 11.7

0.05

0.16

0.71

0.10

16.50

1.50

KOH 11.7

0.13

0.08

0.47

0.05

10.50

1.80

KOH 13.0

-0.04

0.08

2.81

0.35

71.40

2.60

Table 2-3: Results of the etching experiments at room temperature, global etching rates expressed
as micrometers per hour.

At atmospheric conditions, the dependence of etch rate to temperature was assumed
to follow an Arrhenius behavior. Such relationship allowed for the calculation of Rg at any
temperature. However, we pose the question of how much could the etch rate be increased
by just increasing the temperature? In principle, the higher the temperature the higher the
etch rate will be. For concentrations of KOH in the range of 10-60 w% Seidel et al.

32

developed the following experimental model for dissolution rates of silicon as a function
of temperature.

64

Equation 10

Equation 10 present Seidel model 32 for etch rates as a function of the concentration
of water, KOH, and temperature. For the orientation (100) the model estimated Ea to be
0.595 eV, and ko=2480 µm/h (mol/L)-4.25.
Plotting Seidel’s model for high temperatures it predicts R values tremendously
higher than the ones measured during our experiments.

1000

0.03w%
0.7w%
10.0w%
0.03w% (experimental)
0.7w% (experimental)

900
800

R, um/h

700
600
500
400
300
200
100
0
0

50

100

150

200

250

300

350

Temperature, °C

Figure 2.8: Etch rates of Si(100) at various temperatures and concentrations of KOH. Comparison
of values calculated using Seidel’s model (lines) 32 and experimental results (individual
points)

These results supported the notion that models developed for the lower
temperatures and high concentrations of etchants may not be valid in the entire subcritical
region in particular when working with diluted etching solutions. This was likely due to
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temperature increases that caused a decrease in the dielectric properties of water that
modified its ability as a solvent as reported in Table 2-4. For example at room conditions
(298K, 0.1MPa), the dielectric constant of pure water is 78.47 while at the critical point
(647K, 22MPa) it dropped to 5.36

55, 87

. Furthermore, the effect of the changes in the

transport properties of water in this region has not yet been studied for the etching
mechanism of silicon.

T, °C
Dielectric Constant

25

100

198

220

250

280

301

350

79.20

56.25

35.88

32.33

27.90

23.78

21.00

13.93

Table 2-4: Values of the dielectric constant of pure water at 20MPa calculated after Fernandez et
al.55

The temperature also affected the morphologies of the surface features. Results
presented in Table 2-3 strongly suggested that the global etching ratio between Si(100) and
Si(111) are affected by temperature. As changes in the etching rates for each
crystallographic orientation did not necessarily occur at the same rate, the microstructures
formed on the wafers would be affected. Whereas the values for this ratio were lower than
those reported for high concentrations of etchants, the typical shapes for each orientation
were observed. Figure 2.9 shows that for [KOH]= 0.03 w% changes in T modified the size
of the triangular pits without any obvious effect on their shape. The large triangular artifact
in Figure 2.9-c obtained using back-scattered electrons seems to be upward; posterior
observation with from different angles with tilted stage and secondary electrons confirmed
it was a pit.
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Figure 2.9: SEM images of silicon (111) surfaces etched at different temperature under identical
conditions: [KOH]=0.03w%, flow=5mL/min, run time=25min. a) T=198°C; b)
T=250°C; c) T=301°C.

As mentioned before, in the case of Si(100) the formation of the hillocks is
controlled by micromasking of the apex atom of the pyramids. Re-deposited compounds
and bubbles were responsible for variations in the chemical species and their
concentrations as well as temperature in the close vicinity of the surface. Bubbles have
been identified as probable causes for the micromasking phenomenon.26, 45 During etching,
hydrogen bubbles evolved at the Si surface, acting as a barrier to the interaction of OH- and
H2O with the reaction sites. The size and amount of bubbles along with the time they
remain attached to the surface could have a marked effect of the morphological changes on
the Si surface. The characteristics of the bubbles were a function of the etching conditions
such as solution composition, concentration, temperature, pressure, density and surface
tension of the solution, solubility of H2, and mixing.45 Most of these etchant properties of
could be easily tuned by working in the subcritical region as reported in Table 2-5).
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T, °C
Pressure, bar
3

25

100

150

200

220

250

280

300

350

370

1

1

5

16

23

40

64

86

165

210

0.997

0.958

0.917

0.865

0.840

0.799

0.750

0.712

0.575

0.451

Viscosity, cP

0.890

0.282

0.182

0.134

0.122

0.106

0.094

0.086

0.066

0.052

Surface tension, N/m

0.072

0.059

0.049

0.038

0.033

0.026

0.019

0.014

0.004

0.0004

Density, g/cm

Table 2-5: Variation of density, viscosity, and surface tension for pure water as a function of
temperature and pressure. All values are given for the saturation conditions (except at 25
°C, 1 bar).51
2.5

CONCLUSIONS

This pilot study made clear that much research remained to be done in order to start
understanding the etching of monocrystalline silicon in the subcritical region and the
influence the working conditions had on it.
Even though the results obtained did not reveal significant interaction among any
of the variables considered, conclusions can still be drawn. The experiments conducted in
the temperature interval from 200 ºC to 300 ºC, using dilute solutions of etchants ([KOH]=
0.03-0.7 w% and [NH4OH]=1 w%) demonstrated a marked increase of the etching rates of
silicon compared to atmospheric conditions. Whereas at temperatures below 100°C low
concentrations of etching agent did not dissolve silicon at rates comparable to those at
higher concentrations making them impractical for most applications, results suggested
that working at higher temperatures could allow the use of dilute solutions of etchant and
yet attain substantial etching. The most remarkable observation was made at relatively high
temperature, with considerable high etch rates achieved using KOH concentrations as low
as 5E-3 w% (pH ≅ 11.0).
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Similarly to previous reports, at the atmospheric region, the results of this study
indicated that the etch rates for the Si(100) surfaces remained higher than the Si(111) for
all the conditions considered; at least two fold. Whereas the typical surface morphologies
for both orientations were observed as well, some exceptions were noticed. This was
probably related to the changes in the transport properties of the etching solution with
temperature.
These changes could also explain why the results in the subcritical region did not
fit the model proposed by previous researchers for the atmospheric region. Models that
considered only temperatures, activation energy and concentration of chemical species
failed to consider the effect that variations in viscosity, density, and diffusivity may had on
the reaction rates.
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CHAPTER 3.

TEXTURING OF MONOCRYSTALLINE SILICON WITH NEAR
NEUTRAL pH SOLUTIONS
3.1

ABSTRACT

The present work focused on determining the possibility of achieving adequate
texturing of monocrystalline silicon surfaces for photovoltaic applications using minimal
etchant concentrations while working in the subcritical region of water. Effect of alkaline
solutions with KOH content as low as 5.6x10-6 w% (pH 8.5) was investigated. Furthermore,
the ability of neutral solutions to modify surfaces of crystalline silicon was explored; even
lower pH was tested using DIW alone. The optimal reaction time required to minimize the
reflectance of silicon wafers will be studied. Results were compared with commercially
etched wafers used by PV manufacturers and researchers in the fabrication of crystalline
silicon solar panels.
3.2

INTRODUCTION

Texturing of silicon surfaces for PV applications aimed for the formation of
hillocks on the Si(100) surfaces as a means of decreasing the PV’s reflectance and
maximizing the interaction of light with the surface of the wafer due to from repeated
reflections. Ideally this results in an increased amount of photons trapped, causing a higher
flow of charges; ultimately more current.88 This is a standard approach in the industrial
fabrication of substrates for solar cells based on monocrystalline silicon.
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In Chapter 2, the possibility of achieving etching of silicon using diluted solutions
was tested. The clear conclusion was that at relatively high temperature, considerably high
etch rates could be achieved using KOH concentrations as low as 5E-3w% (pH ≅ 11.0).
These results led to the question of how low could the etchant concentration be and still
dissolve silicon.
In this chapter, an experimental campaign was designed to explore the ability of
subcritical solutions of KOH to texture silicon surfaces, with possible transfer of
methodology to industrial processes. A process that only uses water in lieu of other
chemicals was a concept worthy perusing. DI water alone (pH 5.8) was the first etchant
tested; followed by diluted solutions of KOH prepared for pH 7.5, 8.5., 10.0 and 11.0. For
each experiment, 3 wafers were treated to provide a pseudo-replication as discussed in
section 3.3.8.
To put the solutions used in this study in perspective, the pH of natural water
systems can range from pH 6.5 to 9, where water with pH under 9.5 is safe for human
consumption. The optimal range of pH recommended by the EPA for drinking water has
been established between 6.5 and 8.5.89 Nevertheless, the Internet offers examples of
companies promoting bottled water with pH 8.5 or higher, claiming beneficial health
effects. For example, Salus SA™ the oldest natural mineral water company in Uruguay
(1892) has recently launched a new line of bottled water with a reported pH of 8.5.90
Likewise, the Washington based company Essentia™ claims its electrolyte-enhanced
water to have a pH of 9.5.91
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Morita and Ohnaka and Bakker et al. reported testing pure water as an etchant.
They observed that subcritical water alone could successfully remove thermally grown
silicon dioxide films in the temperature range from 200 to 305 °C, and to etch silicon at
200 °C.76, 92
Often the initial step in the production of texturized surfaces for solar cells
applications involved the removal of saw damage caused during the slicing of the silicon
ingots from which resulted each individual wafer. This pre-treatment consisted in
submerging the silicon wafers in high concentration KOH solutions (5.0-10.0 w%) at 5060 °C; resulting in partially etched surfaces without complete and uniform hillocks
coverage and far from the desired optimal texture.67 Final texturing is performed using
etching solutions of KOH or TMAH with IPA as additive to improve the uniformity of the
textured surface. In general the temperature range of choice has been 70-80 °C (close to
the boiling point of the 2-propanol, 82.35 °C).93 Nonetheless, the protocols implemented
by industrial companies are considered trade secrets, and the information regarding the
commercial preparation of crystalline silicon surfaces is restricted.
In the approach herein, Si(100) wafers were texturized as received, or as they were
sawed, with visible saw damage, and their performance was compared with substrates
produced by Suniva Inc. (GA, USA).
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3.3

EXPERIMENTAL

3.3.1 Etching Solutions
Etching solutions were prepared using KOH (Reagent A.C.S., Pellets; Aqua
Solutions) in deionized water (DIW) with a resistance of 18MΩ. Due to the hygroscopic
nature of the KOH pellets it was necessary to assess the actual content of KOH in the pellet.
Assay was determined based on measured values of pH of prepared solutions resulting in
a value of 74% (the chemical properties label in the reagent bottle indicated an assay ≥ 85
w%).
The target pH of the solutions formulated for the experiments were 7, 8, 9, 10, and
11; which translated in theoretical KOH concentrations of 5.6x10-7 w%, 5.6x10-6 w%,
5.6x10-5 w%, 5.6x10-4 w%, and 5.6x10-3 w% respectively. Due to the extremely small
amount of KOH needed to prepare 4L of solution for each run (as low as 2.2x10-5 g for pH
7), a two-step procedure was devised for the make-up of the desired concentrations. It
consisted in preparing about 4L of a starting solution of pH in the 10-11 range; which
required to weigh about 0.25g of KOH, a value easily measurable in a semi-micro balance.
An aliquot from this solution was taken to prepare 4L of the final target solution; the sizes
of the aliquots were large enough to allow to be measured using a benchtop scale.
DIW at the Warren Lasch Conservation Center (WLCC) has a measured pH of 5.8.
This value of pH was obtained by direct measure of the DIW and after addition of KNO3
to increase its ionic strength and improve the quality of the pH electrode readings. The
difference between this pH and neutrality (pH=7) is normally disregarded in the
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preparation of high pH solutions as it has negligible effect in the overall pH. However,
during the formulation of solutions close to neutrality, this gap became relevant and had to
be taken into account during the calculation of the amount of KOH required. For example,
the gap in OH- concentration corresponded to 4.25x10-4 g of KOH for 4 L of solution. The
calculations to prepare the low pH solutions included this correction and the hygroscopicity
factor mentioned before.
All solutions were prepared in polypropylene containers and stirred using Teflon
coated magnetic bars. New solutions were prepared for each individual run and degassed
by sonication for 30 min before use; solutions were a maximum of 48 hour-old at the time
of the experiments.
Determination of the pH for the near neutrality solutions posed a particular
challenge due to their low ionic activity which caused the pH probe readings to drift. Test
strips (BDH pH Strips, pH range 4.5-10.0) were employed to corroborate the pH values
obtained with the probe. The pH of the solutions was checked before each reaction to
ensure an acceptable solution using a pH meter with an Orion 8220BNWP PerpHecT
ROSS Combination pH Micro Electrode (model 420A, Thermo Orion, USA) filled with
potassium nitrate (KNO3) rather than the standard factory filling solution. The electrode
was calibrated right before the preparation of each solution using a 4 points calibrations
with fresh buffered standards at pH 4.01, 7.00, 10.02, and 12.45 (values corrected by room
temperature).
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Due to the difficulty of preparing a pH 7.0 solution by just using DIW and KOH,
for one set of experiments 3-(N-morpholino)propansulfonic acid (MOPS) was employed
to buffer the pH to neutrality. The make-up of the solution was 10.16g of MOPS in
1999.55g of DIW, with KOH added to a final pH of 7.22. The solution was used
immediately after preparation.
3.3.2 Wafers
Most of the experiments employed monocrystalline silicon wafers with orientation
(100) and (111) were specially ordered and produced for this research. The specifications
of each orientation as provided by the manufacturers are summarized in Table 3-1.
(100)

(111)

Vendor

Virginia Semiconductor

AddisonEngineering

Method

FZ

FZ

Surface

Double side polished

Double side polished

Orientation

Undoped

Phosphorus, n-type

Diameter

50.8 ± 0.3mm

2 inch (50.8 mm)

Thickness

500 ± 25 µm

975 ± 25 µm

Dopant

Resistivity
Primary flat
Secondary flat

> 3000 Ω-cm

> 10 KΩ-cm

15.88 ± 1.65mm @ <110> ± 0.9°

not reported

None

None

Table 3-1: Specifications for the wafers used for the experiments presented in this chapter as
provided by the manufacturers. Considering the high resistivity of the Si(111) wafers (>
10 KΩ-cm), for the purposes of our research the dopant presence will be considered
negligible.

A third set of wafers were obtained through collaboration with the High Efficiency
Crystalline PV Group, in the Materials Applications & Performance Center at the National
Renewable Energy Laboratory (NREL) at Golden, CO. These typical substrates used in the
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PV research at the NREL were not polished and described “as sawn’, displaying clear saw
damage. All of them have (100) orientation with a diameter of 156 mm and approximately
190 µm thick. They are n-type doped with phosphorus with resistivity in the range 1-10
Ωcm.
Portions of monocrystalline silicon wafers of about 1 cm2 (~ 1cm x 1cm) were
sectioned using a diamond scribe (SPI Supplies, USA); the general orientation of the
sections were recorded to be used during the interpretation of the positioning of the surface
artifacts. The wafer samples were photographed (using milimetric paper as background)
and labeled. All silicon samples were handled using Teflon coated tweezers (SPI Supplies,
USA). Samples were individually degreased with ethanol and rinsed with DIW, after
sectioning. The two crystal orientations were selected because they exhibited high
difference in etch rates, with the (100) being higher than the (111).
Industrially etched samples were studied as a comparison to the results obtained
during the experimental work. Herein, these commercial samples were provided by NREL,
fabricated by SUNIVA Inc. which is one of the leading American manufacturers of highefficiency PV solar cells and modules. SUNIVA’s wafers are typical crystalline substrate
for PVs. Although the texturing process and conditions are trade secrets, the manufacturer
indicated they were etched using KOH.
3.3.3 Subcritical reactor
Experiments in the subcritical region were conducted in an in-house built reactor
operating in-flow, allowing solution in contact with the silicon specimens being
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continuously renewed as shown in Figure 3.1. A high pressure chromatography pump
(model 5011 Series III, Lab Alliance, USA) with variable flow range 0.1-40.0mL was used
to maintain the pressure inside the reactor by driving the etchant into the reaction cell that
contains the silicon wafers. The cell was fabricated from 1 inch outer diameter stainless
steel 316 tubing with fittings on end connecting to 1/8 inch tubing. It had a total volume
capacity of 40 mL. All the tubing (1/8 in. outer diameter seamless), valves, and the cell
itself were made of stainless steel 316 (Swagelok, USA).

Etchant Feed

High Pressure
Pump
(constant flow)

Heat Exchanger

High Temperature Fluidized Bath

Pre-heater

Reaction Cell

Back Pressure
Regulator
Waste

Figure 3.1: Flow diagram of the subcritical reactor used for etching reactions.

Pressure in the reactor was controlled through a spring loaded backpressure
regulators (26-1700 Series, Tescom, USA) with maximum allowable load of 1500 psi
which was monitored by a digital gauge.
The reaction cell was heated by a fluidized bath (Techne, SBL-2D) that allowed
controlling the temperature with an accuracy of ± 1.0°C, operating with a flow of
compressed air at 2 .5 bar provided uniform heat for the reaction. The fluidized compound
was aluminum oxide. Additionally, a pre-heater made of a coiled 1/8in tube installed before
the cell ensured that the etching solution was already at the work temperature at the time it
reached the cell.
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3.3.4 Etching experiments
After sectioning, wafers were given an ID number and photographed for easy
identification. They were weighed on an analytical semi-micro balance (model Pinnacle
PI-225D, Denver Instrument, USA) in order to reduce their handling and, therefore, the
chance of fragile portions of breaking off. Before recording the weight, the scale was
allowed to stabilize for 30 seconds. Three wafers of the same orientation were used in each
reaction for statistical purposes. The wafers were placed in individual baskets made of
PTFE mesh (Industrial Netting, USA) stitched using low density PTFE Teflon tape (AST
Industries Inc., USA) twisted into thread. The reaction baskets were constructed in such a
way so as not to inhibit flow to any of the samples during reaction while loosely hold the
wafers separating them from each other and isolating them from the wall of the reaction
cell. They had a diameter slightly smaller than the internal diameter of the stainless steel
reaction cell (about 2.54 cm) and 4 cm height. The wafer baskets were then placed inside
the reactor cell. The reactor cell was then tightened with Teflon tape on the threads.
Prior to connecting the cell, the reactor system was flushed right before the reaction
for at least half an hour at 10mL/min with the reaction etchant solution. At the time the
experiments started the fluidized sand heater had been let stabilized at the working
temperature for at least 4 to 5 hours. Once the reaction cell was connected to the reaction
system the etching agent was pumped through the system to pressurize it at room
temperature. As soon as the work pressure (90 bar) was reached the cell was immersed in
the fluidized bath. The reactor cell was allowed to reach a steady temperature (about 1 min)

78

while the etchant solution was already flowing though the cell. After the thermal
equilibrium was reached the countdown for the reaction time was started. As soon as the
reaction time was reached, the cell was removed from the heater and the cell was then
submerged in DIW for fast cooling. The cell was disconnected and opened; the wafers were
removed from the reactor, rinsed with abundant DIW, and placed in a desiccator to dry
overnight. They were at last weighed.
3.3.5 Determination of the Etch Rate
Etch rates were determined as percent of mass loss per unit of time. In order to
compare these results with values reported by other researchers, the values obtained were
converted to micrometers per hour. This was done with the assumption that most of the
mass loss would be from the dissolution of the top and bottom faces of the wafer, and that
the etching of the sides of the wafer would not have a significant incidence in the total mass
loss (measurements of the size of the wafers before and after etching did not reveal
significant movement of the lateral surfaces). Consequently, by knowing the original
thickness of the wafers, their weight and density, the mass loss could be related to the
advancement of the etched surfaces (i.e. etch rates expressed in units of length per unit of
time).
3.3.6 Reflectance
The reflectance measurements were effected using a charge-couple device (CCD)
miniature spectrometer (BWTEK Exemplar model BRC115P). Wavelength range from
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350 nm to 1050 nm (visible and near ultraviolet), 25um slit, a liner variable filter (LVF), a
ruled grating (600 mm/400 nm), and spectral resolution of 1.5 nm. It has temperature
compensation capabilities and USB 3.0 communication. Results were collected with
LabView 8.6-controlled interface using an in-house-designed scrip that allowed selection
of number of co-additions/scans. The system was supported on an optical table equipped
with a motorized stage controlled through a PC using LabView 8.6 with a step xy control
of 0.01 mm. An adjustable arm held the source/detector vertically allowing regulation of
positions in the z direction. For each sample reflectance was measured in two different
areas, randomly chosen, away from the edges and in any regions with noticeable difference
in appearance than the majority of the wafer surface. Each acquisition was based on 400
scans. The mapping measurements were set to 20 x 20 points contained in a 0.5 mm x 0.5
mm area, with 100 scans per point. Calibration of the instrument was conducted using a
clean polished Si(100) wafer as a standard. Data were stored in a format readable as text
then imported into MS Excel for processing. The signal of the spectrometer outputted
reflectance values expressed in arbitrary units was normalized by the average of readings
for non-etched samples sectioned from the same original wafer. A total of six non-etched
samples were used as base-line for reflectance.
3.3.7 Evaluation of surface morphology
Images of the silicon surfaces were acquired using a Hitachi S-3700N variable
pressure scanning electron microscope (SEM) fitted with a secondary electron and a
backscattered electron detectors. An ultra large chamber allowed to accommodate several

80

samples at the same time, with the capability of rotating and tilting the stage in order to
obtain different angles of view (up to 50° tilt). The conditions used during most of the
studies were full vacuum, 5kV acceleration voltage, with working distance around 10.0
mm unless the imaging was done with tilted stage (the inclinations chose were 30 and 50
degrees). Elemental analysis was performed using Energy-dispersive X-ray spectroscopy
(EDS) by means of an Oxford Instruments INCAx-act analytical, silicon drift, energy
dispersive analyzer; with an instrumental limit of detection for oxygen and silicon of 0.1
w%.
Energy dispersive X-ray spectroscopy (EDS) was used to determine the presence
of oxygen as this is associated with the layers of silicon dioxide on the etched surfaces.
3.3.8 Statistical relevance and number of repetitions
For this study three wafers were used for every individual experiment. The global
etch rate reported for each experiment was an average and standard deviation (error bars
on plots) of the three the individual etch rates. Using three wafers was considered repeated
measurements resulting in pseudo-replication. Ideally, one would complete an entire
“reset” for each data point, however, this would triple the experimental time required to
independent observations in triplicate. Without replication one cannot judge variation in
the treatment among experimental units. In this case 3 measurements correspond to an
average response per observation.
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3.4

RESULTS AND DISCUSSION

3.4.1 Highly diluted etching solutions – Seeking the minimum pH
High concentrations of KOH (above 0.5 w%) produced highly alkaline etching
solutions (pH > 11) with high concentration of OH- ions given by the dissociation of the
KOH into K+ and OH-; in these solutions the contribution of hydroxyls ions originated from
the dissociation of water is negligible. Furthermore, close to neutrality (pH range 5 to 9)
water ionization have a more relevant impact on the total hydroxyl count. This is
particularly true at 250 °C where the dissociation constant of water reaches a maximum
value of 6.456x10-12, two orders of magnitude higher that at normal conditions (Kw= 10-14
at 25 °C) as shown in Figure 1.13. For this reason 250 °C was chosen to conduct most of
the low pH experiments.
As previously indicated, water molecules are the real reactive species in the
chemical dissolution of silicon while hydroxyl ions act as a catalyst. These OH-, act as
intermediaries in the initial oxidation step of H-terminated silicon surface atoms where the
H is replaced by OH; and then by weakening the backbonds of surface silicon atoms
facilitating their removal during the etching step.
A set of experiments was designed to evaluate the effectiveness of low pH KOH
solutions as etchant. Solutions of pH 11, 10, 8.5, and 7.5 were selected and prepared;
additionally DI water (pH= 5.8) was used for comparison. All the reactions were conducted
under an etchant flow of 5 mL/min during 12.5 minutes. The reaction pressure was about
64 bar for the experiments at 250 °C and 93 bar for those ate 300 °C. As elevated pressures
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tend to cause operational issues in the reactor system motivating the use of lower values
unless required by the process. The results of the experiments are summarized in Figure
3.2 and Figure 3.6.
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Figure 3.2: Global etch rates dependence with pH at 250 °C for Si(100) and Si(111). Dissolution
rates for both orientations at pH 13.0 and 90 °C (flow 5 mL/min, reaction time 25 min),
circled in red, were added for comparison purposes. Arrows point at unexpected relation
of R values for pH 7.2 and 8.4.

At 250 °C, DI water alone did not seem to have any considerable etching effect at
the conditions tested, as illustrated in Figure 3.2. The dissolution rates obtained for Si(100)
and Si(111) were 0.24±0.14 µm/h and 0.07±0.02 µm/h, respectively. A similar rate for
Si(100) was observed at 300 °C 0.13±0.05 µm/h, however at this temperature the Si(111)
surface exhibited a higher rate than the Si(100) with a value of 0.29±0.07 µm/h. This
crossing was unexpected and never observed before; furthermore no mention in the
literature was found leading to believe it was an artifact caused by operating close to the
analytical error.
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a
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Rg = 0.24 ± 0.14 um/h

Rg = 0.07 ± 0.02 um/h
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Figure 3.3: Crystalline silicon surfaces etched with DIW (pH= 5.8) during 12.5 minutes at 250 °C
with a flow of 5 mL/min: a) Si(100), b) Si(111). Typical morphologies resulting from
alkaline etching, if present, are not discernible.

Our experimental results for Si(100) are one order of magnitude smaller than the
9.24 µm/h reported by Bakker et al. using DIW at 285 °C and 241 bar . In their article the
authors did not indicate the pH of the DIW used for the experiments, which is dependent
of the method of production – in our case the measured pH was 5.8. The crystal orientation
of the wafers used and their characteristics were absent too.92 A similar study by Morita
and Ohnaka reported the formation of pyramidal hillocks on a p-type Si(100) surface in
subcritical water at 200 °C and 100 bar for 10 minutes.76 Although silicon etch rates were
not reported in their publication, from one of their SEM images the base of the pyramids
can be measured and the height can be estimated as shown in Figure 3.4. With the base
being about 390 nm, using the relation h = (390/2)*tan (54.74°), the resulting calculated
height (h) was 276 nm. Considering this result and the reaction time, the probable etch rate
would be close to 1.7 µm/h, in this article the pH of the water was also missing; lower than
Bakker’s and closer to the results reported herein.
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Figure 3.4: Diagram depicting dimensional relations in pyramidal hillocks formed on the Si(100)
surfaces.

Examination of the surfaces by means of SEM imaging after etching were in
agreement with the low dissolution observed, with no clear evidence of etching showed as
illustrated in Figure 3.3. EDS elemental analysis of the wafer after reaction only indicated
the presence of Si, with no O found. Based on these results, the existence of a SiO2 layer
was rejected, or at least too thin falling under the limit of detection of the instrument (about
0.1 % depending on the element).
Against expectations, solutions with pH 7.2 buffered with MOPS had a higher
dissolution rate than the pH 8.5 solutions which did not registered any noteworthy mass
loss. At this point a concern regarding the response of the buffer at high temperature
remained. With MOPS being mainly used in biological applications, studies of its behavior
as a function of temperature have been focused in the range from 5 to 55 °C.94-95 Within
this interval the equilibrium pH of the buffer dropped from 7.5 to 6.9. Farrell has reported
MOPS to be heat-stable enough to be autoclaved96 (121 °C for a steam autoclave). No
additional information regarding its stability beyond these conditions was found. As a
means of control, pH of the solution exiting the reactor was measured several times
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throughout the duration of the run and compared with the pH in the feed container. No
difference was observed, nor any evidence of change in coloration as MOPS reportedly
turn yellow in autoclave conditions. Nonetheless, the buffering behavior inside the reaction
cell at 250 °C remains unknown.

Rg = 9.90 ± 0.71 um/h b

Rg = 2.40 ± 0.20 um/h

6.5 um

a

1.0 um
20.0 um

10.0 um

Figure 3.5: a) Si(100) and b) Si(111) etched at neutral conditions (pH=7.5) at 300 °C. After a 12.5
minutes reaction pyramidal artifacts started to become distinguishable on the (100)
oriented surface, while triangular pits completely covered all the (111) surfaces.

Similar observations were made for the reactions at 300 °C as shown in Figure 3.6.
At this temperature, DIW alone did not produce any appreciable etching of the silicon
surface. However at pH 7.5 the etching rates started to increase; in this case the solution
was prepared with DIW and KOH only, without MOPS, in order to eliminate this last as a
source of uncertainty – an extremely small amount of KOH was used to elevate the pH of
the DIW from 5.8 to 7.5. The rates at pH 8.5 were almost identical to those at pH 7.5,
causing an asymptotic rise of Rg which changes slopes for higher pH values, see Figure
3.6. At this temperature dissolution was twice faster for the Si(100) than at 250 °C and pH
7.2, while for Si(111) remained about the same. At 300 °C the triangular pits completely
covered the (111) surfaces denoting very effective etching, and pyramidal shapes started
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to become distinguishable on the (100) oriented wafers. These particular results enabled an
immediate conclusion, that at subcritical conditions texturing was possible in a short time
using neutral pH solutions, with minimal removal of surface material. No indication of
silicon dioxide was found through EDS examination.
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Figure 3.6: Global etch rates dependence with pH at 300°C for Si(100) and Si(111). Dissolution
rates for both orientations at pH 13.0 and 90 °C (flow 5 mL/min, reaction time 25 min),
circled in red, were added for comparison purposes. R values at pH 7.5 and 8.4 (circled
in yellow) were similar, differently from the results using MOPS at 250 °C.

SEM observation of the pH 8.5 etched surfaces supported the measured increase in
dissolution rate as temperature was raised to 300 °C. For example, at 250 °C the Si(111)
appeared rougher than perfectly polished surface of an etched wafer. On one hand, no
shapes could be recognized through the SEM imaging as illustrated in Figure 3.7 a. On the
other hand, at 300 °C triangular pits characteristic of the (111) crystal planes were easily
recognizable in Figure 3.7 b covering completely the surface of the wafer.
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Figure 3.7: Si(111) etched with KOH at pH 8.5 during 12.5 minutes with a flow of 5 mL/min at a)
250 °C and b) 300°C. While no shapes can be resolved after treatment at 250 °C, the
typical triangular pits of the (111) orientation became clear at 300 °C with some of them
having up to approximately 5 µm sides.

Similarly, the Si(100) wafers at 250 °C showed clear signs of changes in the
appearance of their surfaces without reveling any well-defined morphology as shown in
Figure 3.8 a. At 300 °C, the artifacts formed during the reaction were more obvious. Even
though larger in size, as shown in the insets of Figure 3.8, still not large enough to be
recognizable (under 1 µm).

Rg = 0.51 ± 0.38 um/h Rg = 10.21 ± 0.99 um/h
1.0 um
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a

10.0 um
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Figure 3.8: Si(100) etched with KOH at pH 8.5 during 12.5 minutes with a flow of 5 mL/min at a)
250 °C and b) 300°C. Both surfaces exhibit clear roughening without recognizable
morphologies.
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In previous experiments similar roughness and morphologies were observed and
associated with a layer of SiO2 redeposited during the cooling of the reaction system. To
eliminate this possibility, EDS analyses were performed. The presence of O was not
detected on wafers for either orientations and temperatures, only Si was present; leading
to assume that the shapes observed were not silicates but originated due to the etching
instead.
It was at pH 10.0 ([KOH]= 5.6x10-4 w%) that the etching effect of the solution
started to be clearly noticeable as shown in the plots in Figure 3.2 and Figure 3.6. At this
concentration of KOH, the Rg for Si(100) (21 ±2 µm/h) and Si(111) (7.1 ± 0.5 µm/h)
were already higher than those measured at 90 °C using pH 13 and [KOH]= 0.56 w% (17.4
± 0.5 µm/h and 2.8 ± 0.4 µm/h for (100) and (111), respectively. A further increase of 50
°C resulted in higher dissolution rate for the Si(100) orientation to a value of 28.5 ± 2.1
µm/h. However, this seemed not to affect the rate for the (111) wafer that remained
statistically the same as for 250 °C.
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Figure 3.9: Silicon surfaces etched with diluted KOH solutions (pH = 10) during 12.5 minutes and
a flow of 5 mL/min at 250 °C (a and c) and 300 °C (b and d). The typical pyramidal
hillocks of the Si(100) surface started to become clear at 300°C (b). Triangular pits in
Si(111) cover all the treated surface (c, d).
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As shown in Figure 3.9, at pH 10 the changes on the wafer toward more texturized
surfaces than at lower pH were evident. For both orientations, the coverage of the etched
generated morphologies was complete, leaving no areas unaffected. At 300 °C, the typical
pyramidal hillocks of the (100) surfaces started to become well-defined, while for the (111)
orientation, the triangular pits that were already clear at pH 8.5 and 300 °C (Figure 3.7 b)
are now distinguishable at both temperatures and their size continued growing (Figure 3.9
c, d).
Once again, EDS analysis of the etched surfaces only detected Si and ruled out the
presence of O for both orientations at 250 °C and the (100) orientation at 300 °C. However,
low concentration of oxygen were found on the (111) oriented wafer at 300 °C. Of the six
areas analyzed, oxygen was found in five of them with values of 0.76 to 0.94 w%. These
concentrations suggested that the SiO2 layer to be thin.
The etching capacity of the KOH solutions was powerful at pH 11.0. An increase
of one unit of pH resulted in further growth of the dissolution rate, almost doubling the
values registered for Si(100) at pH 10.0 for the reactions effected at 300 °C (Figure 3.2,
Figure 3.6). At this concentration of etchant the coverage of the surface by the typical
morphologies associated with each orientation was complete. At 250 °C hillocks are clearly
visible and well defined; their size is larger than a lower pH values. Unexpectedly, a decline
in their size occurred for the wafers etched at 300 °C.

90

a

Rg = 28.68 ± 0.48 um/h b

Rg = 54.01 ± 0.93 um/h c

Rg = 16.79 ± 0.38 um/h

1.0 um
10.0 um

10.0 um

15

um

20.0 um

Figure 3.10: Surfaces etched with KOH at pH 11.0 during 12.5 minutes with a flow of 5 mL/min.
(a) Pyramidal hillocks at 250 °C are the larger in size than for lower etchant
concentrations, (b) even bigger than those formed at 300 °C at the same concentration.
(c) An increase in size of triangular pits on the Si(111) is also observed.

Additionally, the hillocks seemed to have departed from the expected regular
pyramids with square base, presenting bases with additional sides.
For reactions performed at 300 °C, etch rates for the (111) wafers doubled the
values obtained at pH 10.0. The triangular pits on the (111) surfaces were clearly defined,
with larger sizes than at lower concentrations of etching agent. As revealed by elemental
composition analyses, there was an increase in the amount of oxygen present on the (100)
oriented wafers treated at both temperatures at pH 10.0. At 250 °C, oxygen concentration
averaged 1.11 ± 0.45 w% and 4.7 ± 3.5 w% for the six areas analyzed for each case. As
implied by the large standard deviation of the results at 300 °C there was a large disparity
in the amount of oxygen found throughout various location of the samples. No oxygen was
found on the wafers with orientation (111).
Results at 300 °C can be fitted to equations (without including DIW):
i.

Rg(100) = 4.6247 pH2 - 73.282 pH + 299.38 (with coefficient of determination R2= 1)
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ii.

Rg(111) = 1.7594 pH2 - 28.748 pH + 119.43 (with coefficient of determination R2= 0.989)
To put these results in perspective they will compared with data reported by other

researchers. For example, for (100) oriented surfaces Singh et al. reported a maximum etch
rate of 84 µm/h when using a 20 w% NaOH solution (pH 14.7 with an equivalent KOH
concentration of 28 w%) at 72 °C. They used this high concentration to remove saw
damage from wafers destined to photovoltaic applications; at this pH the resulting surfaces
were flat.37
Texturing protocols optimized for application in photovoltaics produced results
shown in Figure 3.11. Images in Figure 3.11 a and b showed Si(100) and Si(111) surfaces
etched through KOH-based protocols developed at the High Efficiency Crystalline PV
Group, in the Materials Applications & Performance Center at NREL. These can be
considered examples of almost ideal surface modifications designed to reduce incident
light reflection back from the PV units. Coverage was complete and geometry of surface
artifacts were all very similar in size, with very sharp and clean edges. Commercially
textured wafers shown in Figure 3.11 c, in this case manufactured by SUNIVA Inc.,
displayed a full coverage, with pyramidal hillocks slightly smaller than the NREL produced
with more rounded edges.
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Figure 3.11: Optimized low reflectance surfaces textured in-house at NREL-PV laboratories by
means of wet etching using KOH on monocrystalline silicon wafers with orientations
(100) (a) and (111) (b). (c) Commercially etched Si(100) using KOH produced for
photovoltaic research applications, SUNIVA Inc.. (Images a and b were provided by
NREL-PV Division).

The herein approach, at low concentrations of etchant, allowed to obtain similar
results to the optimized surfaces. The subcritically etched (111) reported here was able to
achieve similar texturing with triangular pits of the similar size as NREL but at etchant
concentrations as low as 5.6x10-4 w% KOH (pH 10.0) at 250 °C, as illustrated in Figure
3.11 a. Smaller size pits with equally full coverage were achieved at pH 7.5 and 300 °C. In
the case of the (100) oriented wafers the morphologies obtained using subcritical solutions
were smaller in size than those observed on the commercially etched wafers and the NREL
produced.
3.4.2 Texturing Optimal Time – Etch rate as a function of time
We were interested in determining the minimum reaction time required to obtain
the minimum reflectance of the etched surfaces, in comparison with commercially etched
wafers. The optimal etching time was investigated on the NREL Si(100) saw damage
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wafers. The effect of reaction time on the reflectance of the silicon surfaces was studied
through a set of experiments conducted at 250 °C and pH 10.0. The run times were 1, 3, 5,
7, 9, 11, 13, 15, and 17 minutes. These parameters were selected based on the results
presented in the previous sections.
As shown in Figure 3.12, the plot of reflectance as a function of time reveals a clear
effect of etching time on the reflectance of the surfaces; reflectance decreased as the
reaction time increased. Readings on wafers etched for only 1 minute matched the values
of a non-etched sample (t= 0). However, for 3 minutes reactions the reflectance dropped
of about 40% and for 5 minutes almost 80%.
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Figure 3.12: a) Reflectance of etched saw damage Si(100) as a function of the reaction time at
pH=10.0. Values of reflectance were normalized with a non-etched surface. SEM images
of b) the non-etched wafer; c) a wafer etched during 17 min; d) an industrially etched
wafer used for comparison.
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The lowest levels of reflectance were obtained for the samples etched during times
equal or greater than 7 minutes. The SEM images in Figure 3.13 suggested that 17 minutes
led to the maximum texturing of the surface, however the reflectance values at this time
seemed similar to those run for 9 minutes. It seemed that optimal reflectance was 9 or 17
minutes depending on the range of wave lengths considered. Uncertainty caused by the
experimental error could be responsible for this artifact.
In order to compare the effectivity of the conditions tested with the PV production
standards, an industrially etched wafer was measured. It exhibited the lowest values, about
7% less than the best of the subcritically texturized. Although no white layer was visible
on the in-house etched wafer, the possible presence of a silicon dioxide layer, this
responsible for the higher reflectivity of these samples, needed to be ruled out. EDS
analyses were performed on every wafer tested finding minimal amounts of oxygen (lesser
than 1 w%), leading to conclude that no substantial amounts of silicon dioxide were
present.
There were similarities between the reflectometry results and the dissolution rates
obtained during the timed experiments. The global etch rates changed as a function of the
reaction time. The plot of dissolution rate versus reaction time (Figure 3.13) revealed two
stages, an initial interval between 1 and 5 minutes were the etch rate increased and a second
regime were the rate did not seem to change. Although the data insinuated a slight decrease
of the dissolution rate after 11 minutes, this trend fell within interval of the experimental
error. As shown in Figure 3.12, time seemed to have little effect on the reflectance of the
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surfaces after 7 minutes of reaction, behavior that resembled the apparent independence of
the etch rate after 5 minutes (Figure 3.13).

Figure 3.13: SEM images of the appearance of Si(100) saw damage surfaces for different reaction
times. The plot in the center shows dissolution rates for each reaction.

Furthermore, there was an interesting correlation between the dissolution rates and
the SEM images of each samples. No evident etching could be noticed during the first five
minutes of reaction when the etch rates were changing. During the phase where Rg
remained unchanged, the surfaces started to show signs of etching, with the formation of
the typical hillocks.
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There was a clear dependence of the reflectance with the area coverage. Area
coverage and reflectance measurements combined resulted in a convenient indicator of the
quality of the alkaline texturing process.
Based on the information obtained from the reflectance data and the SEM images
it was concluded that it was at 17 minutes of reaction time that the highest textured level
was achieved. To get closer to the reflectance values of the commercially treated sample,
it was decided to etch the wafers for an extra 7 minutes, to a total of 25 minutes. As
presented in Figure 3.14, exposing the crystals to the etching additional 7 minutes resulted
in lower reflectance, yet not as low as the commercial wafers.

Reflectance, %
100

T= 300 °C
f= 30 mL/min
t= 12.5 min

90

Reflectance, %

80
70
60

T= 300 °C
f= 5 mL/min
t= 25 min

50
40
30

T= 250 °C
f= 5 mL/min
t= 17 min

20
10
0
400

500

600

700

800

900

Wave Length, nm
NREL - non-etched
WS-2109
NREL - non-etched
WS-2111WS-2110
t= 17 min

WS-2109
WS-2111

WS-2110
NREL - Industrially Etched

1000

T= 250 °C
f= 5 mL/min
t= 25 min

Figure 3.14: Reflectance data of saw damage (100) oriented wafers etched at different conditions
aimed to minimized reflectance. Values of reflectance were normalized by a non-etched
surface. A commercially etched surface was measured as a baseline for the subcritically
modified wafer.
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Two additional set of conditions were tested. Despite working at 300 °C led to
higher dissolution rates (Figure 3.6), the resulting surface texture seemed to be less
pronounced than at 250 °C (Figure 3.10). Wafers etched at 300 °C showed fair performance
in the reflectance test, with readings considerable above the values of the wafers etched at
250 °C. As expected longer exposure to the etching agent improved the reflectance; higher
flow rates effect did not seem to weigh enough in the texturing.
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Figure 3.15: SEM images of Si(100) saw damage wafers used during reflectance optimization
study. Reactions were conducted using KOH solutions pH 10.0 at a) 250 °C during 25
minutes and flow of 5 mL/min, b) 300 °C for 25 minutes and flow 5 ml/min, and c) 300
°C for 12.5 minutes with a flow of 30 ml/min. A non-etched wafers is shown for
comparison (a).

SEM observations of the three samples etched (Figure 3.15) were in agreement with
the reflectance results. Coverage attained at 250 °C seemed to be more homogeneous and
generalized than a higher temperature, with larger and taller hillocks.
3.5

CONCLUSIONS

Subcritical conditions enhanced the etching power of highly diluted alkaline
solutions on crystalline silicon. The possibility of texturing silicon surfaces at pH 7.5 has
been demonstrated.
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Results of experiments at 300 °C showed that after short reaction times even at pH
7.5 water has visible effects on wafers with orientation (100) and (111), increasing their
rugosity with minimal removal of surface material; yet enough to produce recordable etch
rates. Under these conditions, typical morphologies for both orientations were already
distinguishable. Similar results were obtained for KOH solutions at pH 8.5
At 250 °C, the dissociation constant of water reached a maximum value, which
remained very close at 300 °C, resulting on more hydroxyls from the water available in
solution than at atmospheric conditions. This contribution of OH- was particularly relevant
in the case of dilute alkaline solutions with pH under 9. With water molecules being the
real reactive species in the chemical dissolution of silicon and the hydroxyl ions acting as
catalysts; the observed ability of solutions with pH close to neutrality to effectively etch
silicon was attributed, in part, to this excess of available hydroxyl ions.
While it could be argued that the effect high temperature have on increasing the
chemical reaction rate between water and silicon, the absence of considerable etching in
DIW at 250 °C and 300 °C led to conclude that temperature has a more global impact in
the reaction system than just what is expected from an Arrhenius behavior.
There was a strong similarity between the (111) oriented surfaces prepared in-house
at NREL-PV with the subcritically etched, texturing in these last achieved triangular pits
of the similar size as NREL but at etchant concentrations as low as 5.6x10-4 w% KOH (pH
10.0) and 250 °C. Smaller size pits with equally full coverage was achieved at pH 7.5 and
300 °C. In the case of the (100) oriented wafers, the morphologies obtained using
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subcritical solutions were smaller in size than those observed on the commercially etched
wafers and the NREL produced. Currently, these findings are incomplete without surface
morphology and hillock height information that would be acquired through optical
profilometry. Please see example images and morphological information acquired via this
technique in chapter 5: future work.
Reflectance measurements showed that 17 minutes of etching at pH 10 and 250 °C
could reduce reflectivity of silicon to values comparable to commercially prepared wafers.
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CHAPTER 4.

LITHOGRAPHY USING DILUTED ALKALINE SOLUTIONS:
WHEN HEAT REPLACES CHEMICALS
4.1

ABSTRACT

Herein, alternatives to traditional lithographic techniques for the etching of
monocrystalline silicon using mildly basic subcritical water at temperatures ranging from
200 °C to 300 °C are considered. Temperature was used as a tool to control etch rates, and
findings suggested enhancement of the ability of diluted alkaline solutions to dissolve
silicon as temperature increases. The results of the study suggested that three dimensional
patterns can be created on silicon wafers by selecting the right etch masks and using
concentrations of etching agent markedly lower than reported in the literature.
Concentrations of KOH as low as 5.0x10-5 wt% produced etch rates comparable to those
observed at atmospheric conditions using significantly higher concentrations. It was
hypothesized that the considerable improvement in etch rates can be attributed to the
unique thermodynamic, transport, and chemical properties of water in the subcritical
region. These differing properties of the water had the potential to affect the reactions paths
for the dissolution of silicon, by modifying the local concentration of reactants and
products, by altering the relative activation energy of different reactions, or by changing
the polarity of water.
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4.2

INTRODUCTION

Wet etching of monocrystalline silicon is an important technique in the production
of MEMS, PVs, and semiconductor devices. Through this process atoms from the surface
of the silicon crystal are removed by an etching solution for the production of three
dimensional structures. Depending on the crystallographic orientation of the surface
undergoing the wet etching monocrystalline silicon can exhibit different etching rates.
Etching can be anisotropic when the removal of atoms from the crystal is significantly
slower along certain lattice orientations than along others, or isotropic when etching rates
are nearly the same for all crystallographic orientations. Wet etching techniques have the
advantage of their speed, lower costs, and performance over the dry etching techniques;
also requiring simpler processing equipment and facilities with ease of incorporation to inline production. 97
A distinctive benefit of wet etching is its selectivity as etching rates are substrate
and etching conditions specific, allowing the use of etch masks to perform selective
removal of substrate portions or to stop the etching in a given area.97 Hard masks or
openings in photoresists allow to create devices with complex architectures in MEMS
applications or innovative patterns for the PVs texturization.98-101
Photolithography is a common method to create patterns on silicon wafers; in this
method light is used to transfer a pattern from a mask to a photosensitive polymer layer.
The resulting pattern can either be etched into the underlying surface or used to define the
patterning of a layer deposited onto the masked surface. This process can be repeated
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several times to construct numerous structures and devices. A classic use of these
techniques is the fabrication of transistors on a silicon substrate as practiced in the
semiconductor industry.102
In the IC and MEMS industries several lithographic techniques are used, such as
UV lithography, e-beam lithography, X-ray lithography, grayscale lithography, directwrite lithography, and imprint lithography. For this work UV lithography will be used. UV
lithography requires a UV light source, an optical projection system, a mask, and a
photoresist film covering the wafer surface. UV light was employed to create a pattern on
the photoresist, a polymer which chemical structure were changed by UV radiation causing
it to become more soluble in a developer. The wafer surface was where the pattern would
be transferred; patterning of the photoresist layer was an intermediate step before the final
patterning of the silicon substrate.102
In industrial and research applications, silicon surfaces are commonly etched using
KOH or TMAH as etching agents. Depending on the application KOH is employed in
concentrations ranging between 5 and 50 w%. In this work, the ability of highly diluted
KOH solutions to transfer patterns to silicon wafers by selectively etching surfaces with
various mask designs will tested. The etching reactions will be conducted under subcritical
conditions, working under the premise that changes in thermodynamic, transport, and
chemical properties of water would allow considerable etching even with KOH solution at
concentrations close to neutral pH. For each experiment, 3 wafers were treated to provide
a pseudo-replication as discussed in section 4.3.10.

103

4.3

EXPERIMENTAL
4.3.1 Wafers

Experiments were carried on, using monocrystalline silicon wafers with orientation
(100) and (111), which were specially ordered and produced for this research. Wafers
(100) (Virginia Semiconductor Inc., VA, USA) were grown using the floating zone (FZ)
method, double side polished, undoped, diameter 50.8 ± 0.3 mm, thickness 500 ± 25 µm,
with resistivity >3000 Ωcm, and primary flat of 15.88 ± 1.65 mm at <110> ± 0.9 º. Wafers
with orientation (111) (Addison Engineering, Inc., CA, USA) were FZ grown, double side
polished, n-type (phosphorous), diameter 50.8 mm, thickness 975 ± 25 µm, with resistivity
> 10 KΩcm.
The wafer Specifications presented in this chapter were as provided by the
manufacturers. Considering the high resistivity of the Si(111) wafers (> 10 KΩ-cm), for
the purposes of our research the dopant presence will be considered negligible
4.3.2 Etching Solutions
Etching solutions were prepared using KOH (Reagent A.C.S., Pellets; Aqua
Solutions) in deionized water (DIW) with a resistance of 18MΩ. Due to the hygroscopic
nature of the KOH pellets it was necessary to assess the actual content of KOH in the pellet.
It was determined based on measured values of pH of prepared solutions resulting in a
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value of 74% (the chemical properties label in the reagent bottle indicated an assay ≥ 85
w%).
The target pH of the solutions formulated for the experiments were 7, 8, 9, 10, and
11; which translated in theoretical KOH concentrations of 5.6x10-7 w%, 5.6x10-6 w%,
5.6x10-5 w%, 5.6x10-4 w%, and 5.6x10-3 w% ,respectively. Due to the extremely small
amount of KOH needed to prepare 4L of solution (1 gal bottle) for each run (as low as
2.2x10-5 g for pH 7) a two-step procedure was devised for the make-up of the desired
concentrations. It consisted in preparing about 4L of a starting solution of pH in the 10-11
range; which required to weigh about 0.25g of KOH, a value easily measurable in a semimicro balance. An aliquot from this solution was taken to prepare 4L of the final target
solution; the sizes of the aliquots were large enough to allow to be measure with a benchtop
scale.
DIW at the Warren Lasch Conservation Center (WLCC) has a measured pH of 5.8.
This value of pH was obtained by direct measure of the DIW and after addition of KNO3
to increase its ionic strength and improve the quality of the readings in the pH electrode.
The difference between this pH and neutrality (pH=7) is normally disregarded in the
preparation of high pH solutions as it has negligible effect in the overall pH. However,
during the formulation of solutions near to neutrality this gap becomes relevant and must
be taken into account during the calculation of the amount of KOH required. For example,
the gap in OH- concentration corresponded to 4.25x10-4 g of KOH for 4 L of solution. The
calculations to prepare the low pH solutions included this correction and the hygroscopicity
factor mentioned before.
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All solutions were prepared in polypropylene containers and stirred using Teflon
coated magnetic bars. New solutions were prepared for each individual run and degassed
by sonication during 30 min before use; solutions were maximum 48 hour-old at the time
of the runs.
Determination of the pH of the near neutrality solutions posed a particular challenge
due to their low ionic activity which caused the pH probe readings to drift. Test strips (BDH
pH Strips, pH range 4.5-10.0) were employed to corroborate the pH values obtained with
the probe. The pH of the solutions was checked before each reaction to ensure an acceptable
solution using a pH meter with an Orion 8220BNWP PerpHecT ROSS Combination pH
Micro Electrode (model 420A, Thermo Orion, USA) filled with potassium nitrate (KNO3)
rather the standard factory filling solution. Electrode was calibrated right before the
preparation of each solution using a 4 points calibrations with fresh buffered standards at
pH 4.01, 7.00, 10.02, and 12.45 (values corrected by room temperature)
Due to the difficulty of preparing a pH 7.0 solution by just using DIW and KOH,
for one set of experiments 3-(N-morpholino)propansulfonic acid (MOPS) was employed
to the buffer the pH to neutrality. The make-up of the solution was 10.16g of MOPS in
1999.55g of DIW, with KOH added to a final pH of 7.22. The mix was used immediately
after preparation.
4.3.3 Subcritical reactor
Experiments in the subcritical region were conducted in an in-house built reactor
operating in-flow, allowing solution in contact with the silicon specimens being

106

continuously renewed (Figure 4.1). A high pressure chromatography pump (model 5011
Series III, Lab Alliance, USA) with variable flow range 0.1-40.0mL was used to maintain
the pressure inside the reactor by driving the etchant into the reaction cell that contained
the silicon wafers. The cell was fabricated from 1 inch outer diameter stainless steel 316
tubing with fittings on end connecting to 1/8 inch tubing. It had a total volume capacity of
40 mL. All the tubing (1/8 in. outer diameter seamless), valves, and the cell itself were
made of stainless steel 316 (Swagelok, USA).

Back
Pressure
Regulators
Feed
Etching
Solution

High
Pressure
Pump

High
Temperature
Fluidized
Bath

Eluent
Receiver

Figure 4.1. Subcritical reactor built by the author and used for all the etching experiments.

Pressure in the reactor was controlled through a spring loaded backpressure
regulators (26-1700 Series, Tescom, USA) with maximum allowable load of 1500 psi; it is
monitored by a digital gauge.
The reaction cell was heated by a fluidized bath (Techne, SBL-2D) that allowed
controlling the temperature with an accuracy of ± 1.0°C, operating with a flow of
compressed air at 2 .5 bar provides uniform heat for the reaction. The fluidized compound
was aluminum oxide. Additionally, a pre-heater made of a coiled 1/8in tube installed before

107

the cell ensures that the etching solution is already at the work temperature at the time it
reaches the cell.
4.3.4 Lithography
Lithography work was performed at a clean room in the Department of Physics and
Astronomy at the University of South Carolina (USC).
The process started with the substrate preparation by cleaning the wafer on a turn
table at high speed. Each specimen was spun at 3000 rpm for 40 seconds twice while
acetone (Semiconductor grade, 99.5%, VWR) was poured onto them using wash bottles
for degreasing. Wafers were spun a third time in the same conditions for drying with
isopropanol (2-propanol, Semi grade, BDH). Once the surface was clean and dry, it was
spin-coated with a positive photoresist (Microposit™ S1800 G2 Series, The Dow Chemical
Company), the specific type applied (S1811) was dyed to maintain linewidth control during
processing on highly reflective substrates. A static dispense was chosen, in which a drop
of the photoresist was laid on the center of a wafer before starting spinning at 3000 rpm,
allowing 40 seconds for it to spread and achieve homogenous coverage. The thickness and
uniformity of the desired film was controlled by the speed of the spinner, spinning time,
and volume of photoresist dispensed. According to information provided by the photoresist
manufacturer, at the 3000 rpm the expected thickness of the coating should be about 1.25
µm (12500 Å). The parameters used during these steps followed the protocols developed
by Condensed Matter Research Group at USC.
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A soft bake for 60 seconds at 122 °C was applied to remove solvents from the
photoresist coating (temperature was critical and more important than time; too-high
temperature degraded the photoactive compound leading to loss of sensitivity). During this
stage the photoresist became photosensitive. The next step was the transfer of the pattern
to be used as a mask onto the wafer surface. This was done through a projection printing
approach in which an image of the patterns was projected onto the photoresist-coated wafer
from a few centimeters away. For about 7 seconds, the photoresist was exposed through a
projector with high intensity ultraviolet light; which changed the chemical structure of the
resist causing it to become more soluble in the developer as illustrated in Figure 4.2.
Patterns designed to be transferred to the silicon wafers were a simple set of geometrical
shapes chosen to evaluate behavior of straight lines, square angles (concave and convex),
and curves. Additionally, a more complex pattern with thin lines and close neighboring
lines that required higher resolution of the lithographic process was used. The flag of the
state of South Carolina surrounded by a contour of the state was used for this purpose.
a

b

UV Projector

c

Wafer
Video Camera

Figure 4.2. (a) Clean room set-up used to transfer patterns to the silicon wafer through an UV
projector. Patterns designed to be transferred to the silicon wafers used during this
research; the UV light only reached the photoresist through the white areas in the pattern.
(b) is a simple set of geometrical shapes chosen to evaluate behavior of linear features
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and square angles (concave and convex), and curves. (c) A more complex pattern with
thin lines and close edges that required high resolution of the lithographic process.

Adjusting the focus of the projected image proved to be challenging as it was done
manually and the quality of the resulting image was directly influenced by it; exposure
time was an extra variable during this phase. Each pattern transfer required several trial
and error attempts. After each illumination, the definition of the images was reviewed
under optical microscope\;, if acceptable processing of the wafer would continue; if
rejected the wafer would be cleaned with acetone using the spinner and the processing
would start all over again. Optimal exposure time was also determine by trial and error.
Several prints were performed on each wafer for replicability.

Lithography + Subcritical Etching
Si
Wafer

UV light

Photoresist
deposition

Pattern
Transfer

Development

Removal of
Photoresist
In pattern
Au
coating

Pattern on
etched Si surface

Au mask
removal

Etching with
KOH
In subcritical
conditions

Removal of
photoresist

Figure 4.3. Graphic summary of the steps involved in the lithography and in the etching of the Si
wafers under subcritical conditions.

Once the wafers had the correct images, the photoresist was developed. For this,
Microposit™ 351 Developer (DOW® Electronic Materials, USA), an aqueous alkaline
solution, was used along with DIW. The developing bath make-up selected as
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recommended by the manufacturer for high-resolution outcome, the ratio of Microposit®
351:DIW was 1:5. Wafers held with tweezers were immersed in the mix at room
temperature for about 60 seconds with gentle stirring.
Developing was followed by energetic rinsing in DIW to remove residual developer
and photoresist in the areas that were exposed to UV light. At this point the patterns were
clearly visible on the surface with the aid of an optical microscope. As the last step a flow
of compressed nitrogen gas (nitrogen, High Purity 4.8 Grade, Airgas, USA) dried the
wafers. A summary of the process is presented in Figure 4.3.
4.3.5 Gold Coating
Following the lithographic transfer of patterns, samples were coated with a thin
film of gold that acted as mask during the wet etching experiments. Gold deposition work
was performed at laboratories of the Kennedy Group at the Advanced Materials Research
Laboratory, in the Department of Materials Science and Engineering at Clemson
University.
The instrument used was a Kurt J. Lesker Sputtering Unit, a magnetron sputtering
system fitted with a mechanical roughing pump and a CTI-Cryogenics high-vacuum cryopump. The unit is equipped with two planar magnetron sputter sources powered by a RFX600 600 W (Advanced Energy®) radio-frequency sputter power source and the other a
MDX-500 (Advanced Energy®) 500 W direct current power source as shown in Figure
4.4.103
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High-Vacuum Cryo-Pump

Ti and Au ingots
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Figure 4.4: Lesker sputtering unit belonging to the Kennedy Group at Clemson University (c).
Samples were attached to the rotating substrate holder facing downwards (a). On the
bottom of the sputtering chamber a Ti and an Au ingots are connected to the planar
magnetron sputter sources (b). Wafers coated with photoresist before (d) and after (e) Ti
and Au deposition.

During the Au deposition operation the base pressure was 8.4x10-7 Torr, and the
process pressure 1.5x10-2 Torr. A layer of titanium (Ti) was applied to the wafers to
improve adhesion of the gold layer. The Ti was sputtered using the direct current source
with power set at 100 W DC for 5 minutes, and the Au with the radio-frequency source at
160 W RF for 5 min 27 sec. The deposition rates for the Ti and Au were 1 nm/min and 5.5
nm/min, respectively, which resulted in a calculated thickness of 5 nm for the Ti layer and
30 nm for the Au.
4.3.6 Photoresist Removal
The final step in the preparation of the wafer was the removal of the remaining
photoresist. The method chosen was a wet stripping using acetone. The wafers were
immersed in acetone, sonicated for about 40 sec, rinsed with DI water, and dried with a
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gentle flow of compressed air. The gold on top of the photoresist was washed away, with
only the Ti/Au films in direct contact with the wafer surface left. Figure 4.5
a

Au layer

10.0 mm

b

c

Final pattern covered
with Au

10.0 mm

1 mm
1

Figure 4.5: Si wafer after lithography and gold deposition. (a )Before removal of the photoresist all
the surface was coated with Ti + Au; (b) once the wafer was stripped only the Ti + Au in
contact with the silicon surface remained. (c) Observation under SEM confirmed clean
lines of the transferred pattern.

4.3.7 Etching experiments
After sectioning, the wafers were given an ID number and photographed for easy
identification. Right before were weighed on an analytical semi-micro balance (model
Pinnacle PI-225D, Denver Instrument, USA) in order to reduce their handling and,
therefore, the chance of fragile portions of breaking off. Before recording the weight 30
seconds were used to allow the scale stabilize. Three wafers of the same orientation were
used in each reaction for statistical purposes. The wafers were placed in individual baskets
made of PTFE mesh (Industrial Netting, USA) stitched using low density PTFE Teflon
tape (AST Industries Inc., USA) twisted into thread. The reaction baskets were constructed
in such a way so as not to inhibit flow to any of the samples during reaction while loosely
hold the wafers separating them from each other and isolating them from the wall of the
reaction cell. They had a diameter slightly smaller than the internal diameter of the stainless
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steel reaction cell (about 2.54 cm) and 4 cm height. The wafer baskets were then placed
inside the reactor cell. The reactor cell was then tightened shut with Teflon tape on the
threads.
Previous to connecting the cell, the reactor system was flushed right before the
reaction for at least half an hour at 10mL/min with the reaction etchant solution. At the
time the experiments started the fluidized sand heater had been let stabilized at the working
temperature for at least 4 5 hours. Once the reaction cell was connected to the reaction
system the etching agent was pumped through the system to pressurize it at room
temperature. As soon as the work pressure (90bar) was reached the cell was immersed in
the fluidized bath. The reactor cell was allowed to reach a steady temperature (about 1 min)
while the etchant solution was already flowing though the cell. After the thermal
equilibrium was reached the countdown for the reaction time was started. As soon as the
reaction time was reached, the cell was removed from the heater and the cell was then
submerged in DIW for fast cooling. The cell was disconnected and opened; the wafers were
removed from the reactor, rinsed with abundant DIW, and placed in a desiccator to dry
overnight. As a last step they were weighed.
4.3.8 Determination of the Etch Rate
Etch rates were determined as percent of mass loss per unit of time. In order to
compare these results with values reported by other researchers the values obtained were
converted to micrometers per hour. This was done with the assumption that most of the
mass loss would be from the dissolution of the top and bottom faces of the wafer, and that

114

the etching of the sides of the wafer would not have a significant incidence in the total mass
loss (measurements of the size of the wafers before and after etching did not reveal
significant movement of the lateral surfaces). Consequently, by knowing the original
thickness of the wafers, their weight and density, the mass loss could be related to the
advancement of the etched surfaces (i.e. etch rates expressed in units of length per unit of
time).
4.3.9 Evaluation of surface morphology
Images of the silicon surfaces were acquired using a Hitachi S-3700N variable
pressure scanning electron microscope (SEM) fitted with a secondary electron and a
backscattered electron detectors. An ultra large chamber allows to accommodate several
samples at the same time, with the capability of rotating and tilting the stage in order to
obtain different angles of view (up to 50° tilt). The conditions used during most of the
studies were full vacuum, 5 kV acceleration voltage, with working distance around 10.0
mm unless the imaging was done with tilted stage (the inclinations chose were 30 and 50
degrees). Elemental analysis was performed using Energy-dispersive X-ray spectroscopy
(EDS) by means of an Oxford Instruments INCAx-act analytical, silicon drift, energydispersive analyzer; with an instrumental limit of detection for oxygen and silicon of 0.1
w%.
EDS analysis was used to determine the presence of oxygen as this is associated
with the layers of silicon dioxide on the etched surfaces, and residual gold after its removal
from deposited patterns.

115

4.3.10 Statistical relevance and number of repetitions
For this study three wafers were used for every individual experiment. The global
etch rate reported for each experiment was an average and standard deviation (error bars
on plots) of the three the individual etch rates. Using three wafers was considered repeated
measurements resulting in pseudo-replication. Ideally, one would complete an entire
“reset” for each data point, however, this would triple the experimental time required to
independent observations in triplicate. Without replication one cannot judge variation in
the treatment among experimental units. In this case 3 measurements correspond to an
average response per observation.
4.3.11 Gold Removal
After etching and imaging work, the Au films on the patterns was removed. The
wafers were immersed in a general-purpose gold etchant (aqueous mix of potassium iodide
and iodine) (Gold etchant, Standard, Sigma-Aldrich, USA) at room temperature and gently
stirred for 2 minutes.
4.4

RESULTS AND DISCUSSION

After Au patterns were successfully attached to the silicon surfaces various etching
conditions were tested. Gold deposits acted as macro-masks on the silicon, isolating the
covered areas from the etching solution. As the surface silicon atoms were removed
causing the surface to retract, the relative height of the silicon right under the mask grew
higher in relation to the propagating etch front (Figure 4.6). Following the etching, once
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the Au films were removed, the quality of the resulting pattern underneath the film
depended on the conditions used during etching. A quality criterion used referred to the
matching of the upper contour with the lower contour. Upper contour contained the upper
edges of the side walls in contact with the masking layer (i.e. the contour of underetching)
while the lower contour corresponded to the lower edges of the side walls in contact with
the etched floor.
Au
MASK

<100>

Retracting
surface

<111>
54.74°

Si

h0

Si

h 1 h0

Figure 4.6. Scheme depicting changes in relative position between Au mask and the surface
undergoing anisotropic etching for a silicon wafer with crystal orientation (100).

Due to the anisotropy of the etching, resulting from differential dissolution rates
depending on the crystal orientation of the planes undergoing etching, areas protected by
the mask saw higher vertical etching than horizontal, allowing the formation of vertical
structures or walls. The inclination of these walls reflected the crystal orientation of the
facet being etched. For a given reaction time, high degrees of anisotropy would allow to
achieve larger heights in the structures formed, while low anisotropy would produce
excessive underetching causing the loss of the pattern.
In addition to being dependent of the orientation of the crystal planes, anisotropy
was also affected by the etching conditions. During this study the difference in global
etching rates of silicon wafers with orientation (100) and (111) were used to estimate the
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anisotropy of the etching rates between these two planes. For each set of experimental
conditions, anisotropy was calculated as the ratio between the measured etch rate for both
orientations.
Similarly to what has been observed and reported for the atmospheric region, in the
subcritical regions (250 °C or 300 °C; P= 70 bar), the difference in the reactivity of the
different crystal planes in the Si wafer produced higher etch rates for the (100) orientation
than for the (111). Correspondingly, typical formations such as triangular pits in the case
of Si(111) and pyramidal hillocks in the Si(100) were also observed on the wafers’ surface.
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Figure 4.7. Ratio of global etching rates for silicon wafers with crystal orientation (100) and (111).
Plot built using experimental results from reactions conducted at 250 °C and 300 °C. Data
point for pH 13 and 90 °C, included for comparison, has a higher ratio Rg(100)/Rg(111) than
results in the subcritical region.

As shown in Figure 4.7, variation in calculated anisotropy as a function of KOH
concentration at 250 °C and 300 °C is not large, with most of the values falling between
1.8 and 4.1. Results obtained using DIW water as etchant were the exception, with a ratio
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of 0.462 at 300 °C. All the values in the subcritical regions were lower than the results at
pH 13 and 90 °C.
Preliminary testing was conducted on Si(111) wafers using KOH pH 11.7 with a
flow rate of 5 mL/min during 25 minutes. The three temperatures selected were 200 °C,
250 °C and 300 °C. Conditions at 300 °C resulted to be too strong as the mask was
completed removed, destroying the patterns, and causing formation of accretions on the
masked areas. SEM-EDS analysis of these accretions indicated the elemental composition
of Si and O in a ratio of 1:2, suggesting heavy redeposition of silicon dioxide from the
solution onto the wafer as exemplified in Figure 4.8 a. Walls produced by the advancement
of the etching front had a height of about 18 µm, equivalent to a etch rate of 43 µm/h; this
was in agreement with previous experimental data where the rate was 50.7 ± 5.7 µm/h.
Lowering the temperature 50 °C improved the retention of the mask without observable
accumulation of SiO2, nonetheless edges underwent severe damage due to excessive
etching as it can be seen in Figure 4.8 b. The integrity of the mask was preserved at 200 °C
resulting in clear overall definition of the pattern edges shown in Figure 4.9.
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Figure 4.8. Si(111) wafer etched with KOH at pH 11.7 during 25 minutes at (a) 300 °C and (b)
250 °C. Thick layer of adherent silicates covered the mask pattern (a1) on top of the upper
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surface. (b1-b2) Horizontal etching cause severe thinning of the walls; yellow arrows
signal the direction of the horizontal etch fronts. Dense coverage of triangular pits
indicating strong etching.

Considerable under etching occurred at 200 °C, which was evidenced by portions
of the mask extending beyond the newly formed walls in the crystal as indicated in Figure
4.9 a1-a2. After stripping the Au film the height of the features created was estimated at 5
µm resulting in 12 µm/h, consistent with our previous experiments at the same conditions
where the calculated rate was 10.8 ± 1.2 µm/h, with good retention of the original shape
transferred onto the wafer surface. Typical triangular pits of the (111) surfaces were formed
during the reaction.
a1
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Figure 4.9. SEM images of Si(111) after etching with a solution of KOH pH=11.7 working at
T=200°C, P=70bar, and flow=5mL/min, during 25 minutes. a) Au mask still in place,
with visible under etching below the Au film (a1, a2); b) Si pattern after Au layer was
removed, about 5 µm of silicon were etched resulting in clear profiles of the image
transferred to the wafer.

Based on these results a new reaction at 300 °C was conducted, the concentration
of KOH was decreased to pH 11.0. Under these settings etching of bare surfaces was
extensive, evidenced by the coverage of triangular pits of homogeneous size observable
throughout the wafer, this is illustrated in Figure 4.10.
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Figure 4.10. SEM images of Si(111) wafer etched with KOH solution at pH 11.0 and 300 °C for
12.5 minutes. Typical pits fully covered the wafer, with noticeable etching under the Au
mask (a). (b) Pits in the masked area are larger in size than those in the uncovered
surfaces. (c) View with stage tilted 30° shows the distance etched into the wafer. Creases
in the Ti/Au layer attributed to poor surface preparation (a).

Interestingly, etching was also evident under the masked surfaces (Figure 4.10).
Larger size of the pits suggested the etching reaction was stopped at an earlier stage of the
growth and propagation of the pits respect to the fully exposed areas. This difference in
ages could be related to dissolution starting at a later time during the run and/or slower etch
rates for the reaction taking place beneath the covered areas.
Even though this conditions were effective to achieve consistent etching, they were
too aggressive to create a good quality pattern. Good quality implies a pattern that retains
the features of the mask at the beginning of the reaction.
KOH concentration was further lowered for the next set of experiments to a pH of
10.0. They were performed at 250 °C and 300 °C. In the case of the wafers with (100)
orientation the obtained pattern maintained most of the features of the mask. Close SEM
examination revealed minimum, or non-observable, etching on the coated areas as shown
in Figure 4.11 b while being extensive on the exposed surfaces, evidenced by dense
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hillocks coverage. Near the edges of the pattern, three well differentiated zones signal the
progress of the etch front; with the masked surface being the top and the bare areas the
bottom, and a third intermediate zone located in between. This latter intermediate zone
displayed some etching with uneven density distribution of hillocks, attributable to partial
protection offered by the metal film. Under these conditions, the shapes obtained were a
good match to the silhouette of the mask. Results at 300 °C were not as clearly defined as
at 250 °C, where vigorous etching blurred the mask outline.
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Figure 4.11. SEM images of Si(100) surface after etching during 12.5 minutes using KOH
concentration 5.6x10-4 w% (pH 10.0) at 250 °C after stripping the Au film (a-b) and 300
°C with Au mask still on (c). At 250 °C pattern was successfully preserved (a), with clear
differentiation between the masked and exposed areas. (c) At 300 °C difference between
both areas was not as well defined.

Similarly, good results were attained on wafers with orientation (111) shown in
Figure 4.12. Shapes etched on the crystal followed closely the contour of the masks.
Etching solution was able to pervade between the wafer and the Ti/Au film causing pitting
as SEM imaging evinced. Etching in this areas was not as predominant as in the bare zones,
showing low density of occurrence of triangular pits. As expected, wafers treated for 25
minutes presented more pronounced attack in this areas than those with 12.5 min of
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reaction time. Well defined terraces were generated, and once again, with the appearance
of three regions marked by the downwards movement of the reacting surface. Reactions at
300 °C, with two fold higher dissolution rates, did not produce the same clean definition
of the pattern while they generated a distinct representation of the mask. In both cases sharp
walls outlined straight, curve and irregular lines of the upper contour.
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Figure 4.12. Surface with orientation (111) etched at 250 °C with KOH solution pH 10.0 at flow 5
mL/min for (a-c) 12.5 minutes and (d-f) 25 minutes. Sharp definition of the pattern was
achieved, with spread etching under the metallic film where triangular pits can be
observed. Straight, curve and irregular lines are clear.

These results encouraged an additional decrease in the KOH concentration to
5.6x10-5 w% resulting in a pH of 8.4. It should be noted that water at pH 8.4 falls within
the pH range recommended by the EPA for drinking water for humans; therefore the
etching agent by itself, without any type of conditioning, would not pose environmental
risks or threaten human health. For wafers with (100) orientation, the low etch rates
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exhibited were sufficient to transfer the pattern at 250 °C maintaining good matching
between the upper and lower contour of the mask as illustrated in Figure 4.13. Formation
of three distinct areas (bottom, middle, and top) with an intermediate terrace following the
very edge of the mask were revealed by SEM imaging. The middle terrace was about three
times narrower than the one formed at pH 10.0 at the same temperature.
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Figure 4.13. SEM images of wafers with orientation (100) after treatment with KOH solution pH
8.4 for 12.5 min. Clear edges defined the zones that were masked and the bare ones.
Smother surfaces were obtained at 250 °C (a, b), and larger size hillocks were generated
at 300 °C (c, d). Three regions were present at 250 °C (b), top, middle, and bottom; while
at 300 °C the transition zone is not clear. At 300 °C pyramidal hillocks populate the
surface of the wafer accessed by the etchant.

Higher etch rates at 300 °C promoted similar results, with fidelity in the outlining
of the pattern. In this case the size of the pyramidal hillocks, while submicron, was larger
than at 250 °C.
Patterns generated at 250 °C on the (111) were a definite image of the metallic mask
(Figure 4.14). Yet, low etch rates at these conditions failed to develop walls of considerable
height due to the short distance traveled by the etching front when the experiment timed
out. Better results were obtained at 300 °C, where increased dissolution rates resulted in
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the formation of higher walls. At this temperature characteristic triangular pits densely
populated the bare surface of the wafer.
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Figure 4.14. SEM images of wafers with orientation (111) after treatment with KOH solution pH
8.4 for 12.5 min. Definition of the pattern at 250 °C (a, b) was fair as a consequence of
low etching. (c) At 300 °C higher walls improved the clarity of the pattern; with
characteristic pits present throughout all the bare surface of the wafer.

Seeking the minimum pH that would allow good transfer of the original pattern, an
etching solution with pH 7.2 was tested at 250 °C (Figure 4.15). Experiments were run at
a flow of 5 mL/min during 12.5 minutes. Wafers with orientation (100) exhibited good
outlining of the shapes with clear definition even of the most challenging features. For
example, the shape corresponding to the contour around the palmetto tree was fully
transferred without over etching. The ridge created by this shape rised over the etched
surfaces. Hillocks covered the bare regions with some on the middle terraces on both sides
of the ridge; no hillocks were observed on top of the masked terrace.
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Figure 4.15. Wafers with orientation (100) (a,b) and (111) (c,d) etched at pH 7.2 with MOPS in
DIW adjusted with KOH. The reactions took place during 12.5 min. with a flow of 5.0
mL/min and 250 °C. Clear definition of lines was attained on the Si(100) wafers, with
similar results for the Si(111).

Pattern transfer was not as crisp in the case of the (111) oriented wafers,
nevertheless the silhouette of the mask was still easily recognizable. Lower etching rates
resulted in walls with shorter heights.

Au film

Pattern
200 um

Figure 4.16. SEM image corresponding to etching for 12.5 min with DIW alone at 250 °C did not
seem to be suitable to transfer the pattern to a wafer with orientation (111). No noteworthy
etching was observed.

The ultimate test in this study was to evaluate the possibility of achieving results
similar to those presented previously while using DIW alone. A wafer orientation (111)
was treated for 12.5 minutes at 250 °C. With extremely low recorded etch rate (0.07 ± 0.02
µm/h), the transfer of the pattern was poor or non-noticeable. Longer reaction times could
have produced a different outcome.
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Throughout the various etching experiments, complete or partial loss of the gold
film occurred. To a certain extent, this was observed for all the concentrations of etchant
and temperatures tested, leading to this was not linked to a particular set of experimental
conditions. A very plausible explanation pointed to the bonding of the Pt/Au film to the
wafer, in particular to the way this bonding was affected by the surface condition before
the deposition of these layers.
Ideally all the lithographic work and handling of the samples before the sputtering
would have been carried out in a clean room. This was true for the lithography phase,
however after the patterns were transferred to the photoresist the samples were transported
from the USC campus in Columbia, SC, to Charleston, SC, and after several days to
Clemson, SC. During this time, they were individually stored in polycarbonate boxes to
protect them from dust and, mainly, to avoid physical damage to the photoresist; and
stowed away from light. By design, the photoresist never went through a hard bake
remaining relatively soft, not allowing any type of surface preparation or cleaning before
the metal deposition. Normally, before the application of metal coatings, samples would
be thoroughly cleaned. Thus, deficient cleanliness of the wafer surface can be deemed
responsible for the fair performance of the metallic coating.
Furthermore, poor contact of the metallic mask to the wafer could explain etching
observed in areas that remained fully covered during the duration of the runs. Any gaps
existing between the wafer surface and the metal film and accessible to the etching solution
would allow the latter to attack areas otherwise protected. Even though this might not have
occurred in atmospheric conditions, the particular properties of the liquid in its subcritical
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state could be used as an explanation. Reduced viscosity (107 and 86 µPa.s at 250 °C and
300 °C respectively, compared to 890 µPa.s at 25 °C) and density (799 and 713 kg/m3 at
250 °C and 300 °C, and 997 kg/m3 at 25 °C) facilitated water to penetrate spaces with
narrow and intricate paths. This ability for the water to easily transport to interstitial spaces
is a key characteristic of the sub- and supercritical water.
Etching solution intruding in the space sandwiched between the wafer surface and
the metal film would cause etching. Restricted flow of etching reactants and products to
and from the reacting surface would result in lower dissolution rates than in areas with fast
and easy renewal of the solution in contact with these sites. This statement can be supported
by observation of some of the wafers were the Pt/Au layer remained in place during the
etching and then removed. In these cases the propagation of the etch front in the covered
areas was smaller than in the bare areas. Removal of silicon atoms from underneath the
metallic film would promote further separation of both surfaces, reducing the contact areas,
and leading to the complete detachment of the mask. (Figure 4.10 a).
4.5

CONCLUSIONS

The objective of this experimental study was to evaluate the possibility of using
highly diluted solutions of KOH as a means of transferring fabricated shapes to the surface
of monocrystalline silicon wafers with orientation (100) and (111). Lithographic
techniques along with Ti/Au deposition were employed to create masks on silicon wafers.
Wet etching was performed to remove silicon atoms from the non-coated areas around the
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mask producing three dimensional features; that were downward projections of the pattern
used for testing.
Working at temperatures 250 °C and 300 °C and 70 bar, conditions corresponding
to the subcritical region of water, made possible the use of KOH solutions at dilutions that
at atmospheric conditions would have no relevant etch capabilities or at least etch rates too
slow to have practical applications. All the reactions were performed for 12.5 minutes.
The pH of the KOH solutions tested were 7.2, 8.4, 10.0, 11.0, and 11.7.
Additionally DIW alone was tried. A criterion used to evaluate the quality of the three
dimensional patterns produced by etching considered the matching of the upper contour of
the structure (upper edges of the side walls in contact with the masking layer) with the
lower contour (lower edges of the side walls in contact with the etched floor).
Solutions at pH 11.7 proved to be too strong to produce a good three dimensional
representation of the Ti/Au patterns, unless the temperature was decreased to 200 °C. At
200 °C the pattern created was good. Similarly, pH 11.0 resulted in excessive etching with
no good retention of upper contours. The highest shape quality with considerable wall
height was obtained at pH 10 and 250 °C on wafers with orientation (100) and (111). Good
quality pattern transfer was achieved also at pH 8.4 at 250 °C for the (100) wafer and at
300 °C for the (111) wafer; at this KOH concentration lower etch rates produced walls
shorter in height than for higher pH values. The shapes attained at 250°C with pH 7
displayed clean line definition. DIW alone did not seem to offer the etching conditions
necessary to produce considerable three dimensional structuring in the reaction time tested.
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The implications of using such low concentrations are great. From the materials
resources viewpoint it would drastically reduce the amount of feed etchant needed. For
example, about 6 mg of KOH per liter are required to prepare a pH 10.0 solution and 0.25
mg of KOH for pH 8.4. Environmentally KOH solutions with pH equal or lower than 10.0
can be considered benign. Finally, from the human safety perspective no considerable risk
would be encountered with pH between neutrality and 10.0. Furthermore, water
consumption at pH between 6.5 and 8.5 is recognized as safe.
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CHAPTER 5.

FUTURE WORK

Subcritical conditions makes water one of the most fascinating substances to study
because of its applications are nearly limitless. Varying temperature and pressure can offer
an innovative way to control the etching of silicon. The resulting property changes to the
etchant consist of enhanced transport properties of water and alteration in the values of
diffusion coefficient of chemical species occurring when operating in the subcritical region
of water. A common drawback of supercritical water is the high initial investment
supercritical reactors require and, mainly, their limited lifespan because of the strong
oxidizing power of water under these conditions. These disadvantages are minimized in
the case of reactors intended to operate in the subcritical region which can be fabricated at
relatively low cost from materials that do not need to have the chemical resistance
demanded for operation beyond the critical point, or designed to withstand higher
temperatures and pressures, or aggressive chemical environments generated by the
supercritical conditions.
From the work presented herein it is clear that high temperatures enhance the
capability of low alkalinity solutions to etch silicon. Additionally, the need of further
investigation is clear in order to complete the basic understanding of the mechanisms and
reactions driving this increased etch power. In chapter 2 an investigation aimed to
recognize the quantitative relation between the various variables or parameters involved in
the subcritical etching process failed to provide conclusive results. In retrospective, the
main single cause of this outcome could be attributed to the non-homogenous highly-
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adherent and relatively thick silicon dioxide layers present on the wafers after etching that
could have introduced errors to the change in weight measured after the reactions. The
formation of these layers were not observed at pH in the range between 7.5 and 11.0. Thus,
further testing in this pH range would free of the obstacle posed by the presence silicon
dioxide layers. Additionally, the interest these pH range has to our research because of the
low concentration of KOH required and the reduced knowledge on dissolution of silicon is
available in the literature, are motivators to continue the experimental research in highly
diluted alkaline solutions in the subcritical region.
The reactor used for the reactions discussed throughout this work is limited to
operate at a maximum pressure of 100 bar which allows water to remain in the liquid phase
up to 311 °C. Gaining knowledge of etching effects of mildly alkaline solutions in the
temperature interval from 300 °C to 374 °C (critical temperature of water) could further
expand the potential applications of the subcritical etching and serve as a means of
achieving better results. The current knowledge on this process is insufficient to predict up
to which temperature the etching reactions benefits from the effect of heat and when high
temperatures start to interfere with the dissolution of silicon. In order to conduct
experiments in the temperature interval from 300 °C to 374 °C, modifications will need to
be implemented on the current reactor or a new system should be built. Due to the relative
simplicity of the process and the reactor system, the cost associated with rising the pressure
limit should not be elevated.
Furthermore, using whole silicon wafers rather than sections would allow to
compare results in a more direct fashion with those from the industry and specialized
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research. It would allow exact tracking of the crystallographic orientation of the features
formed during etching. This would require scaling-up the current reactor cell.
Knowledge gathered through this research could be extended to other materials
which processing involves etching using alkaline solutions. An example of these
applications is alkaline etching of aluminum substrates for finishing or as a pretreatment
for anodization.
Regarding the understanding of etch rates of silicon in the subcritical region, further
work on the effect of ionic strength of the etching solution, or of the solution in contact
with the silicon surfaces, is of interest because the dissolution of silicon at elevated
temperatures has reportedly been observed to depend on the ionic strength of these
solutions.
Texturing of silicon accept a wide spectrum of techniques and masking agents that
are more or less compatible with the specific etching agents propose that working close to
neutral pH would expand the choices of masks available to use in conjunction with KOH
that otherwise would not be compatible at higher concentrations. Metallic nanoparticles
and graphene films are two type of masks of high interest to testing due to their simplicity,
low cost and versatility are.104-105 Metal nanoparticles films deposited on silicon surfaces
have been discussed in the literature as tool generating nanopillar arrays or needles on
silicon crystals. Graphene has the potential to facilitate low-cost and high-throughput
micro-patterns on silicon over large areas; reports on etching using graphene assemblies in
combination with anodic etching have presented encouraging results.
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The work presented in this dissertation has included characterization of the surface
morphology through SEM images and reflectance measurements. Unfortunately this does
not give a complete description of the resulting surface morphology and roughness as a
function of the applied sub critical treatment. A major gap in this analysis includes surface
feature height measurement through optical characterization. Therefore, characterization
of morphological parameters of the etched silicon surface needs to be performed using
optical profilometry. This approach will allow for quantification of the effects of the
various process on surface morphology and roughness. For example, Figure 5.1 shows
surface imaging and values for a subcritically etched wafer with orientation (111). Future
work on area of developing subcritical etching techniques for low reflectance photovoltaics
will include a detailed investigation of phenomena measured via optical profilometry to
determine the structure-property relationship between surface morphology and roughness
and reflectance at various wavelengths of light. The initial hypothesis of this effort is that
surface morphological heights need to be in the sub 10 µm region.
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Figure 5.1: Screen caption of a 3D optical profilometer NewView™ 7000 Series of a Si(111)
surfaced etched with KOH pH 13 at 230 °C for 20 minutes.

The true test of the applicability of the technology presented in this dissertation will
be the comparison with the monetary, energy, and environmental cost compared to
traditional techniques. Environmental aspects of subcritical etching should be researched
and compared with other wet etching processes. Low etchant concentrations required for
processing silicon under subcritical conditions are balanced by higher amounts of energy
consumption involved in operating under these conditions. A comprehensive lifecycle
assessment needs to be implemented, in which the relevance of material and energy inputs
should be weighed versus and output factors. This “cradle to grave” approach of energy
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analysis will allow researchers to compare the high environmental cost of traditional
etching techniques to the thermal and specialized equipment costs of subcritical
technologies.
Finally, a comprehensive evaluation of the effect of the subcritical process in the
aptitude of the etched wafers to be of value for the photovoltaic industry must be carried
on. Even though the conditions tested succeeded in markedly decreasing the reflectance of
the etched surfaces, further work will required additional steps such as light phosphorous
diffusion to get a truly ohmic contact with metal, and silver deposition via photolithography
to perform current density vs. voltage measurements (I-V sweeps). Ultimately, the
potential of the subcritical etching to be an alternative in the processing of photovoltaics
will be evaluated by the contribution of the etched wafers to help improving the efficiency
in light trapping and decreasing production costs. Today, process development and
optimization must continue for it to be a realistic option.
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CHAPTER 6.

CONCLUSIONS

This work has presented the modification of monocrystalline silicon surfaces that
was attained by etching using diluted alkaline water solutions working in the subcritical
region of water. Morphologies and increased etch rates obtained in Chapter 2 through
various combinations of reaction parameters, motivated further decreases in the etchant
concentration until reaching neutral pH. Observable etching and surface changes were
reached using mild alkaline solutions, with pH values within the limits recommended for
water for human consumption.
To produce texturing of silicon wafers necessary for low reflectance and increased
absorption of light in photovoltaic cells, various experimental conditions were tested.
Changes in etching rates and surface morphologies were performed through modification
of composition and temperature of the etchant solutions. In the subcritical region, achieving
reflectance comparable to commercially prepared surfaces required minimal amounts of
KOH and short reaction times.
The ease of tuning of the working parameters of the subcritical process allowed to
produce surfaces with a variety of morphologies that ultimately made possible to create
patterns and textures on silicon wafers. These morphologies were obtained with a different
set of reaction conditions to demonstrate the capabilities of the process. Dimensional
attributes of three dimensional representations of planar patterns were adjusted through
modification of the composition and temperature of the solutions used. This process show
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great potential for offering an alternative to current processing techniques for
monocrystalline silicon.
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